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SUMMARY 


Work performed in this contract program consisted of design, development, 
and test demonstration of fuel supply and control systems for operation of a 
J85 jet engine on both cryogenic hydrogen and methane fuels. Major objectives 
of the work were: 

• Development of flight-type cryogenic fuel control systems for a 

jet engine which included liquid pumping to supercritical pressures, 
heat exchangers for gasification of the fuels, and gaseous metering 
and control. 

® Test evaluation of the control system functional performance, 

stability, and response in controlling a J85 ground test engine 
on both liquid hydrogen and liquid methane fuels. 

9 Measurement of engine exhaust gas emissions resulting from 
combustion of the two fuels. 

Study, analysis, and modeling of the intended systems indicated the functional 
feasibility of the control arrangement. Detail hardware design and fabrication 
were completed. One set of flexible hardware was designed to accommodate both 
fuels, except that heat exchangers were provided individually for each fuel. 

NASA furnished a J85-13 engine and cryogenic storage trailers for the test 
demonstrations. Engine fuel injectors for the methane systems were provided 
by NASA based on comparative evaluation of candidate designs tested in a J85 
combustor rig. The engine and system equipment were installed in the Contractor's 
outdoor ground test facility. 

Testing of the methane system and engine were completed using a liquid 
natural gas supply fuel which was substituted for pure liquid methane because of 
availability and economy. System and component performance met objectives with 
the exception that an oil- to-me thane heat exchanger at the fuel pump discharge 
froze the oil flowpath. Stable system and engine control was demonstrated from 
starting to maximum engine speed. An engine power setting transient from idle 
to 100% speed was accomplished in 3.5 seconds. Exhaust emissions were measured. 

Planned testing of the hydrogen system was partially completed. Stable 
system and engine control from starting to 88% engine speed was demonstrated, 
and engine power transients from idle to 85% speed were accomplished. Heat 
exchanger performance was met without icing the air side. Deficient fuel pump 
delivery performance on liquid hydrogen limited the maximum flow and engine 
power available. After unsuccessful attempts to improve the pump delivery, a 
failure of the fuel pump hydraulic drive motor section necessitated termination 
of further testing. Limited engine exhaust emissions measurements were taken. 

On the basis of design analysis and test results obtained, it was concluded 
that a suitably stable and responsive control of jet engines can be accomplished 
where gasification of the fuel delivery at supercritical pressure is employed 
as a heat sink for engine air with either liquid methane or liquid hydrogen 
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fuel. Further design development of the liquid hydrogen fuel pump for performance 
and life is required. Use of either cryogenic fuel to cool oil heat sources 
requires additional heat exchanger design development. 
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INTRODUCTION 


The Statement of Work for Contract NAS3-14319 set forth general require- 
ments for the hydrogen— methane fuel systems arrangement and functional per- 
formance, Design of the fuel systems was guided by these requirements to the 
greatest extent practicable. 

Generation of the requirements for the methane— fueled system configuration 
was stimulated by prior NASA studies of the potential use of liquid methane 
fuel as a source of energy for advanced supersonic transport propulsion. 

Studies reported in NASA TND-5928, "Turbine Aerodynamic and Cooling Requirements 
for a Turbojet Powered Mach 3 Transport Using Methane Fuel," by David G. Evans, 
Keith A. Furgalus, and Francis S. Stepka of the Lewis Research Center recognized 
the engine cycle performance advantages potentially available from use of a 
cryogenic fuel as a heat sink for engine cooling air. Use of the cryogenic 
fuel as a coolant for engine and aircraft systems implied the need to pump 
liquid fuel from the aircraft supply, to gasify the fuel through appropriate 
air and oil heat exchangers , and to control gaseous fuel delivery to the 
engine such that stable and responsive control over a wide range of flow con- 
ditions would be maintained. Experimental verification of the ability to insert 
the fuel gasification process into the engine fuel delivery system over the 
necessary range of operating conditions had not been obtained, and it became 
the purpose of the contract program reported herein to analyze, design and 
demonstrate engine operation of such a system. Thermal requirements for the 
methane system heat exchangers were sized by David G. Evans based on the 
engine studies reported in TND-5928 and on the anticipated aircraft system 
requirements of the NASA SCAT-15F aircraft studies. 

At the same time NASA studies of the potential use of hydrogen- fueled air- 
breathing engines for Space Shuttle propulsion were being conducted. Require- 
ments and potential problems involving gasification and engine control with 
liquid hydrogen fuel supply were similar to the methane- fueled system. A 
parallel purpose of the subject program was to design and demonstrate suitable 
operation of a turbojet engine employing gasification of liquid hydrogen fuel. 

The J85 jet engine was chosen for an engine test demonstration vehicle 
because of its availability, proven work-horse capability, and relatively 
small fuel consumption required. Since the thermal requirements of interest 
were based on much larger propulsion engines, the air bleed and oil heat 
sources were simulated by facility supply equipment rather than taken from the 
J85 engine itself. 

The work described herein was undertaken with the beginning of concept 
verification studies in August, 1970, and the final engine test attempt using 
liquid hydrogen fuel occurred in March, 1973. 
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SYSTEM DESIGN AND ANALYSIS 


SYSTEM CONCEPTUAL DESIGN 


The conceptual arrangement of the fuel supply, conditioning, and control 
system established for liquid hydrogen fuel is shown in Figure 1. A similar 
system for use with liquid methane fuel was established as shown in Figure 2. 
Liquid fuel was to be supplied to the system from tanker storage at 30 psia 
minimum (2.07 x 10^ N/m^) and at temperatures ranging from saturated liquid to 
6° F (3.33° K) subcooled for liquid hydrogen and 17° F (9.43° K) subcooled for 
liquid methane. 

Inlet Fuel Conditioning 

A fuel subcooler accepts cryogenic hydrogen at the fuel supply header con- 
ditions and provides adequate net positive suction pressure to the main pump 
element intake to ensure noncavitating main fuel pump operation. The subcooler 
was not a flight-type component but was intended to supply liquid hydrogen at the 
pump inlet at 12.5 psi (8.62 x 10 4 N/m 2 ) or liquid methane at 13 psi (8.97 x 
10 4 N/m 2 ) net positive suction pressure, which was felt to be representative of 
a boo st- pump-* fed system. 

Main Fuel Pump And Pressure Regulation Servo 

Fuel with adequate suction pressure is supplied to the main fuel pump element 
which consists of a f ixed-displacement , reciproca ting-piston pumping element. 
Demand flow variation in the system is accommodated by varying the main pump 
piston element drive speed through the action of a hydraulically powered drive 
motor servo. The pump is operated as a pressure-regulated, variable -demand 
flow source. The variable speed piston pump was selected in preference to a 
centrifugal pump in order to satisfy the requirements for high discharge pressure, 
small maximum flow size, and 20/1 flow turndown capability. This type pump also 
yielded a compact unit representative of flight- type hardware, yet required 
minimum design development, 

A feedback pressure transducer at the fuel pump discharge provides electri- 
cal feedback to a circuit in the central electronic control computer. Pressure 
feedback is compared to a fixed electrical reference set to hold 400 psia 
(2.76 x 10 N/m ) (LH2) or 900 psia (6.21 x 10^ N/m^) (LCH4), and comparator 
error is amplified and integrated to provide driver-current to an electrohydraulic 
torque motor servo valve located on the pump drive motor. Torque motor current 
sets a proportional hydraulic flow into the fixed-displacement drive motor, 
thus varying pump speed and flow to null the discharge pressure error in the 
regulating loop. 

Motor hydraulic power is taken from the engine-driven hydraulic power 
supply at 3000 psi (2.07 x 10? N/m^) and a maximum hydraulic flow rate of 
approximately 16 gpm (1.01 x 10~5 m 3 /sec) . 


Pump speed and flow saturation limits are placed on the pressure-regulator 
electrical error signal in order to limit the mass flow rate at the pump dis- 
charge relative to the metered gas flow downstream during large transients in 
pump discharge pressure. Flow limit error is established by comparing pump 
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Figure 1. Schematic Diagram of Hydrogen Fuel System 












































mass flow as a calibrated function of sensed pump speed against the metered 
mass flow computed within the metering control section of the electronic 
control computer. 

Heat Exchangers and Bypass Valves 

Pump discharge flow is supplied to a flight weight oil-to-fuel heat 
exchanger (methane system only) and then to flight weight air-to-fuel heat 
exchangers at rates required to sustain supercritical pressure in the exchangers 
or as limited by the pump flow limit computation. Flow is gasified in the heat 
exchanger and exits to a mixer in the discharge junction with bypass fuel. 

Remotely operated bypass valves are provided to shunt total flow around 
the heat exchangers. To assure that total flow blockage in the exchanger path 
can be provided under total fuel bypass conditions, remotely operated valves 
are placed between the upstream bypass junction and the entrance port of each 
heat exchanger. 

Bypassed flow joins with heat exchanger flow under partial bypass condi- 
tions at the downstream junctions of the heat exchangers which will contain 
mixer devices to assure thorough mixing and heat exchange between gaseous flow 
and any bypassed fuel in the liquid state. Baffled tees are provided to force 
mixing of the streams. 

The .oil-to-fuel heat exchanger is supplied a regulated, manually selected 
heat input rate by the oil-to-fuel heat source and control subsystem. The 
remotely operated bypass valve on the oil-to-fuel heat exchanger is used 
either at fixed settings manually selected or as an automatic bypass regulating 
oil exit temperature. 

Variable heat input rate is supplied to the air-to-fuel heat exchangers by 
the air-to-fuel heat source and control subsystem as a function of engine fuel 
flow. The remotely operated fuel bypass valves on the air-to-fuel heat exchangers 
are capable of being automatically servoed by the heat source control system to 
regulate heat exchanger exit air temperature to a manually selected constant 
value. The air-to-hydrogen heat exchanger operates at steady-state fuel entrance 
conditions of 400 psia (2.76 x 10^ N/m 2 ) and -415° F (25° K) . The air-to- 
methane exchanger operates at approximately 900 psia (6.21 x 10 6 N/m 2 ) fuel 
conditions at temperatures as low as -235° F (125° K) . 

Pressure Regulating Throttle Valve Servo 

Heat exchanger exit flow enters a throttling pressure-regulator servo 
which senses line pressure at its fuel discharge and is servoed to vary 
throttling area to fix the downstream pressure at a constant absolute pressure 
level. The regulator accommodates the system flow density ranges demanded by 
the metering system and heat exchanger conditions. 

The regulating reference level set by this servo is chosen at 250 psia 
(1.72 x 10 6 N/m 2 ) for H2 and 700 psia (4.83 x 10 6 N/m 2 ) for CH 4 so that the 
downstream metering valve will have sufficient pressure-ratio available to 
operate f\ choked nozzle and to assure supercritical fuel condition. Throttle 
valve maximum area is sized to accommodate maximum system flow rate at a supply 
pressure sufficiently low to accommodate transient excursions of heat exchanger 
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pressure during engine power setting changes. Regulation of the metering valve 
inlet pressure to + 1 % of point permits use of a constant pressure representation 
to the fuel flow computation circuit. 

Pressure feedback is sensed electrically and pressure error signals are 
amplified in the electronic control. An electrohydraulic servo valve converts 
the electrical error to proportional hydraulic flow controlling the actuation 
of the fuel throttling valve motion. Hydraulic power supply is obtained from 
the engine-driven hydraulic power supply subsystem. 

Metering Valve and Flow Computation 

Gaseous flow in the systems enters a convergent- nozzle metering valve which 
modulates system flow rate as a function of a variable— stroke valve position. 
Variation of valve stroke sets a variable throat area to the valve which is 
maintained choked at all system flow conditions. Downstream pressure at the 
plane of the throat exit is established by engine burner pressure level plus 
a small line pressure drop across the downstream impedances provided by the 
cutoff valve, manifold, and burner injection nozzles. Since the downstream 
pressure drops are small compared to the maximum engine burner pressure of 
approximately 92 psia (6.34 x 10^ N/m^), the maximum metering valve exit 
pressure is on the order of 100 psia ( 6.89 x 10 ^ N/m^) and sufficient pressure 
ratio to choke the metering area at all conditions is maintained by the 
throttling regulator upstream of the metering valve entrance. With the pressure 
conditions selected, the throttling process in the metering valve will maintain 
gaseous conditions from entrance to burner pressure at entrance fluid tempera- 
tures above -386° F (41.1° K) for H 2 and above -82° F (210° K) for CH 4 . 

Controlled modulation of the valve stroke is provided by an electrohydraulic 
torque-motor servo valve and a hydraulic actuator. Torque motor current is set 
by a fuel flow control loop error signal computed in the electronic control 
computer, and the hydraulic actuator integrates this error to set valve stroke. 
Actuator stroke is sensed by a linear-variable differential transformer whose 
output signal is sent to the electronic control computer to provide valve 
position feedback to the fuel flow computation loop. 

A metering valve fluid entrance temperature sensor consisting of a resistance 
temperature detector is provided. The temperature signal is sent to the elec- 
tronic control computer for use as density and throat velocity correction in 
the fuel flow computation. 

Figure 3 diagrams the computational relationships which establish computed 
fuel flow rate within the electronic control computer using the metering valve 
stroke and entrance temperature intelligence. The computational principle used 
is based on the provision of choked gaseous flow in the metering throat such that: 

W 8 ’ A xS ‘ f( V (1) 

Since the metering valve supply pressure is regulated to a constant 
absolute value within + 1 %, the supply density of the fluid can be represented 
as a unique function of the supply temperature, knowing the properties of the 
fluid. Similarly, the critical velocity characteristic at throat pressure 
can be defined as a unique function of temperature. These unique temperature 
functions are combined in a single function f (Tg) as used in Equation (1) • 
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The fuel mass flow rate computed in this fashion is used within the 
electronic control computer to provide feedback to the fuel valve area 
positioning servo and for readout indication. 

Shutoff and Vent Valve 


A pair of plug-type two-way valves act as a three-way cutoff and vent 
function which connects system flow to the engine manifold with the vent closed. 
The valves are pneumatically operated and electropneumatically controlled from 
the safety and mode control subsystem. If venting or cooldown are selected, the 
shuts off engine flow and vents system flow to a dump line. In the event 
0i electrical or pneumatic failure, the valves shut off and vent to a dump line. 
Electrical overspeed and overtemperature signals are generated within the 
electronic control computer. In the event these limits are exceeded, the 
shutoff valve is closed and the vent valve is vented to protect the engine. 

I 

Electronic Control Computer 

The central electronic control computer, which is control- room mounted, 
coordinates the fuel and control system signal intelligence and provides 
control functions for: 

• Engine rotor speed governing in response to power lever input 
speed request 

• Transient fuel flow limitation during engine power setting 
transients 

• Fuel pump pressure regulation and speed limitation 

• Metering valve flow computation for both control and readout 

• Overspeed and overtemperature limit protection 

• Fuel flow signal output for air-control scheduling 

• Engine start fuel scheduling 

• Exhaust nozzle reference scheduling and T^ error generation 

A functional block diagram of the electronic control shown in relation to other 
system components is shown in Figure 4. 

The electronic control, in conjunction with the fuel delivery and metering 
system, operates as a full-range isochronous governor for engine rotor speed. 

An electrical pick-off of the power lever setting signals a slave exhaust area 
control system to provide a coordinated speed and power-setting request. As 
the engine power setting is controlled by the electronic control and fuel 
metering system, the existing hydromechanical J85 controls operate to schedule 
compressor variable geometry and to position the exhaust nozzle. Rotor speed 
feedback to the electronic control is taken as a frequency signal from the 
existing J85 control alternator output, and signal conditioning is provided 
10 
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Figure 4. Control System Schematic Block Diagram for Methane and Hydrogen 
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within the electronic control. Test cell power is provided to the electronic 
control, A redundant engine speed sensor signal for overspeed protection is 
provided on the engine by NASA, 


The acceleration and deceleration fuel control mode established by the 
system is such that 


“ d 'Wei 

Heat Sources and Controls 


f <W 8Actual’ 

(2) 

' - K£(W 8Actual- V- 

(3) 


A source of heated air simulating engine compressor bleed extraction is 
provided for the air-to-hydrogen and air- to-me thane heat exchanger by burning 
gaseous hydrogen in a coannular combustor supplied from a 150 psig (1.034 x 10 
N/m ) facility air source* The vitiated burner exit air is supplied to the 
entrance of heat exchanger B at controlled temperature and pressure conditions , 
while burner airflow is set by a throttling valve downstream of the heat 
exchanger. 

A source of heated oil simulating aircraft heat load is provided to heat 
exchanger A in the methane fuel system from a commercially procured oil heater 
cart powered electrically. Oil flow, pressure, and temperature are manually 
set by hand controls provided with the heater cart. 

Electrical mode programming and control are provided for control of air 
and oil system parameters. The control functions performed by this system are 
as follows: 

• Heat Exchanger A oil discharge temperature (T^g) 

• Heat Exchanger B air discharge temperature (T^) 

• Heat Exchanger B air inlet temperature (T ) 

• Heat Exchanger B discharge pressure (p ) 

• Heat Exchanger B airflow (W^) 

Closed loop feedback controls are used to set and regulate all of the above 
parameters except airflow (W^ ) , 

Hydraulic Supply 

An engine-driven high pressure hydraulic supply source for operation of the 
system fuel pump drive motor and hydraulically powered servos is provided. The 
overspeed-governor drive pad of the J85 engine, which is an alternate starter 
pad, is used to drive the hydraulic pump. An aircraft- type piston pump operated 
as a pressure- regulated, variable delivery source is adapted for engine mounting. 
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A hydraulic supply reservoir and inlet booster pump for the engine-driven 
pump are provided in a remotely mounted boos t- conditioning package of commercial 
design. Water cooling of the hydraulic system heat rejection is accommodated in 
the boost conditioning package. Electrical drive power is used for the booster 
package . 

Safety and Mode Control 

An electrical control panel for system safety and mode control is provided. 
The panel controls, by means of electrical power distribution, the safety logic 
and valve and ignition control logic required for the orderly sequence of 
preparatory steps which must precede firing of the J85 engine. The control 
panel provides the following control functions for the system: 

• Emergency shutoff 

• Air heater ignition sequencing 

• System purge and chilldown sequencing 

0 Engine start preparation sequencing 

• Engine run and ignition sequencing 

• Low oil level warning 

Table I lists the system operating modes required with the resulting 
output conditions for system equipment. 

DYNAMIC ANALYSIS AND MODELING 


Engine Model Development 

Analysis of the control system required development of an engine model. 

The engine selected for this study was a J85-13, 

The model of an engine is a set of equations, the solutions of which 
represent the performance of an engine in response to some input. The deter- 
mination of the necessary equations is presented here. 

The engine model is separated into its various components: the compressor, 
combustor, turbine, fuel control, and nozzle. The equations describing each 
of these components involve the various temperatures, pressures, airflows, etc., 
throughout the engine. Figure 5 shows the relationship of these components 
and variables. 

The equations relating most of the variables are independent of time and 
form an algebraic set. The time dependent variables enter the model in two 
places ; 
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1) The rotor dynamics 

2) Dynamics of the fuel system 



Table I. System Mode Control Logic. 




Chilldcwn (5) 


Air Hes ter (6) 
Light-Off 


Engine Start 
Prep. (8) 

Air Hes.ter 
Auto. 


Engine 

Run 


Normal 
(Local'- Auto) 


Normal 

(Local-Auto) 


NormaJ_ 

(Rem. -Auto) 


Normal 
(Rem. -Auto) 


Normal 
(Rem. -Auto) 


Normal 

(Local-Auto) 


Normal 
(Rem. -Auto) 


Normal 
(Rem. -Auto) 


Selected by NASA Interlocks Tl-1 and Tl-2. 

Selected by Emergency Off Button - Line 4. 

Normal if engine purge/chilldown previously selected. 
NASA control turns on purge gas* 

NASA control turns on fuel. 

NASA control turns on air. 

P/L = panel-loader 
Engine motoring required. 

Open if burner previously lit* 


























































The cycle data used in designing the hybrid computer model was obtained 
from digital computer cycle analysis decks. Data were presented over a speed 
range from 57% to 100%. 

Compressor Model 

The compressor variables to be calculated are: 


Z, 






and input variables are: 


N , P. 
g 3e 


The compressor stall parameter is defined by: 


Z = 


P, /P 0 
3e 2e 


./P, 


1 


P, /P, ) . 
3e 2e / mm 


- P./P, 


3e 2e /stall 3e 2e /min 
where the stall and minimum lines are functions of corrected speed. 
The power required to drive the compressor is: 


AH = W. H, - W„ H_ 
c 3e 3e 2e 2e 


(4) 


( 5 ) 


The nondimens ional quantity AH /W_ H„ was calculated with the cycle deck 
and is used to calculate torque? 6 e 


Q 


c 


60 J 

2-n 




W 2e H 2e\ 

N g ) 


( 6 ) 


To calculate the compressor temperature rise, the enthalpy change is 
required. It is assumed that bleed flow is either small or zero; therefore: 


H 3e- H 2e 


AH 


H 


2e 


W 2e H 2e 


(7) 


Thus, the approximation: 

T 3e ’ T 2e + ( H 3e * H 2.) f 


r ah 


H 


= T n _ +1 


26 \ W 2e H 2e, 


2e 

C 


( 8 ) 


xne value or up is a constant and can be used to help offset the approxi- 
mation of enthalpy* 
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Inlet flow W 2 e , was extracted from cycle data as a function of speed and 
stall parameter. 

The J85 engine has a leakage flow which is bled from the compressor and 
returned aft of the turbine: 

w 3.0e = w 3e " (0.01 w 3e> = 0.99 W 3e (9) 

Figure 6 shows the block diagram for the compressor model. 

Combustor Model 


The combustor variables to be calculated are: 


W 4e> ^4e* ^3e 

and the input variables are: 

P, , T„ , W„ . , W_ , N , Z 
4e 3e 3.1e’ Fe’ g’ 

Turbine inlet flow is simply: 

W. = W. . + W_, 

4e 3.1e Fe 

Combustor temperature rise is computed from: 

W, 


T 4e “ ^3e 


Fe 


W 


3 . le 


K - \) r 


( 10 ) 


(ID 


The data for efficiency n. were presented as a function of W /W 
and a variable 8 e> 6 * e 


where: 


3 = 
e 


103.1 


3e 


4/3 


75"Y /10 

Viooo/ 


( 12 ) 


This was rearranged to: 


8 = K a 

e e 


«2e 


(13) 


(V' 2 r (^e^e ) 1 ' 10 
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where K = W 3>le /W 3e 
and 

10 1 ' 3 rtl8.7 


14.7 P, 1/3 I, 6/10 

2e 2e 


3e 
2e , 


From the compressor data: 


VL 

3e j— - 

— — is a function of N /y0 . 

W 2e 8 2e 

Thus is a function of N/ 

Jjj > P 3e^ P 2e’ T 3e^ T 2e and 8 e ^ K are functions of N^/ and Z. 


and 


Using the above equations for 3^, and a , and pressure, temperature, and 
airflow data from the compressor at various N //e^ e and Z, the function 


-K " f 


( Y^T- 2 ) 


( 14 ) 


(15) 


(16) 


was calculated. Combustor efficiency is a function of 3 and fuel/air ratio. 


The combustion function Nb is nearly a linear function of T4 alone and 
was represented as such. The pressure P3 was obtained from e 


1 - 


4e 

> 

3e 


0.856 + 0 


.«(£ - i)][i-(i+^ M ® 3 - 1 ) v_1 


(17) 


In these equations P/ /P~ is a function of Mach number and specific heat 
ratio. An average value of y =* 1.33 was assumed for the combustor. 

The inlet flow is : 

W 3.1e = W 3.0e ~ W Be < 18 ) 


The block diagram of the combustor model is shown in Figure 7. 
Turbine Model 


The turbine variables to be calculated are: 
P 4e’ T 5e» 
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Figure 7. Schematic Diagram of Combustor Model 









and the input variables are: 


P 


5e* 


T 4e’ W 4e» W 3e* 


N 

g 


The turbine flow map is a function of N //F~ and AH/T 

g 4e 4e 

Enthalpy change AH/T^ g is a function of speed and turbine pressure drop 
and is limited by the annulus choke line. The block diagram for the turbine 
model is shown in Figure 8. 


Rotor Dynamics 

The variable to be calculated is : 


N 

g 


and the input variables are: 


Q 


c’ 


Q t 


Engine speed was obtained by integration of the difference of turbine 
torque supplied and compressor torque required: 




(19) 


where: 


Thus » 


I 0.516 slug— ft (0.699 K -m ) = J85-13 rotor inertia 

g 



60 AQ 

2nl 


dt 


( 20 ) 


( 21 ) 


The block diagram is shown in Figure 9. 

Exhaust Nozzle 

The variable to be calculated is P,. and the input variables are 


W, . T A q , P 
5e 7 4e 8e oe 


Cycle data indicate P g is approximately 98% of P, , and P Q can be 
determined as follows: ° e 


let 



( 22 ) 
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Figure 8, Schematic 


^4e 


w 4«/ T 4e/ A l P 4e 



of Turbine Model 



















A nozzle flow function in terms of static pressure is used to determine 
nozzle pressure ratios . 


Then, 


0.98 P. 
5e 



x P 

oe 


(23) 


The block diagram for the nozzle is shown in Figure 10. 

The engine model was made operational with a slave fuel control, and 
adjustments were made to the model in order to obtain better agreement with 
steady-state cycle data. This operational and checked out model of the J85-13 
engine was then used as a design tool in the determination of dynamic require- 
ments for the hydrogen and methane fuel systems. 


Control System Model Development 


The control system model is separated into its various components: the 
pump, heat exchanger, fuel line, pressure regulator, metering valve } and 
electrical control. The equations describing each of these components involve 
temperatures, pressures and flows throughout the control system. Figure 11 
identifies and shows the relationship of these components and variables. 


Fuel Pump Model 


The pump variables to be calculated are: 


Np, Wp) calc 
and the inputs are: 


V, 


Wf 


> 



and P_. 
fi 


Pump flow, Wp, is a function of pressure Pp and pump speed. Pump speed Np is 
modulated to maintain pump pressure Pp, Theoretical pump flow (assuming constant 
pressure), Wp) calc, is calculated and compared with engine fuel flow V to 
limit pump speed. A block diagram of the fuel pump is shown in Figure Yz, 

Heat Exchanger Model 

The heat exchanger variables to be calculated are: 


fo’ "fi’ 


W 


ai 


HE J 


ax 


and T 


fi J 


and the inputs are: 


N 

g 


S 


Wp, WK, and Wf. 
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Engine 

From 

Engine 


Figure 11* Schematic Diagram of Control System, 


to 












Figure 12. Schematic Diagram of Hydrogen and Methane Fuel Pump Model. 
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Pressure in the heat exchanger (Pf 0 ) is calculated from the flow 
unbalance of the heat exchanger (Wp is the flow in and WR is the flow out) and 
a pressure rise as a function of the heat exchanger flow level. Heat exchanger 
a ^- r ^ ow > Wai> scheduled as a function of speed and fuel flow level. Air 
( T ai) fuel (Tf^) temperature are scheduled as a function of engine speed, 
and temperature of the fuel (Tf 0 ) is calculated from variations in air temp- 
erature and fuel inlet temperature as a complex function of time. Data for the 
heat exchanger dynamics were obtained from the heat exchanger designer. A 
block diagram of the heat exchanger is shown in Figure 13. 

Pressure Regulator Model 

The pressure regulator variables to be calculated are: 

P 2 , WR, Wf, P , and WF) calc 
and the inputs are: 

WL ’ Vref’ Tr 

Regulator pressure (PR) and line pressure (P ) are calculated from the flow 
unbalances into and through the pressure regulator. 

Regulator pressure (Pp) is controlled to a reference pressure of 700 psia 
(4.83 x 10° N/m2) for methane and 250 psia (1.72 x 10 6 N/m^) for hydrogen. Flow 
through the regulator is calculated using a flow function and regulator pressure 
area. Flow is choked through the metering port; hence, flow is calculated using 
fuel temperature, regulated pressure, and metering valve area. Fuel flow (assuming 
constant pressure) is calculated for the pump limit circuit. A block diagram 
of the pressure regulator is shown in Figure 14. 

Main Fuel Control Model 


The main fuel control variables to be calculated are: 
N g ) DMD 5 V WF* and A MV 


and the inputs are : 


a) 


DMD* 


N , and Tf 

g 


Speed demand is a function of throttle angle (ol.^). Accel rate/flow rate 
is a function of engine speed. The accel rate is calculated by multiplying 
accel rate/fuel flow by fuel flow. The decel rate is a constant times the accel 
rate. A comparison is then made between speed error, decel rate, and accel rate 
to request a change in metering valve area. 

PnOI h An v o-H ^ -Fi-w-. JU n nlr _ J -J . ±.1. • _ * — - 

~ — ----- aic uscu in Liit me lering section or tne electronic 

control which is modeled as shown in Figure 4. 
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Figure 13. Schematic Diagram of Heat Exchanger Model 
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Line Dynamics Model 


The variable to be calculated is: 


and the inputs are: 

P_ and P_ 
fo 7 

Pressure unbalance and fuel flow level are used to calculate flow through 
the line from the heat exchanger to the pressure regulator as shown in Figure 15. 

System Model Results 

The evaluation of system dynamic behavior at sea level and selected 
altitude points for both the hydrogen and methane fuel systems was performed 
on the engine and fuel system model using the EAI 690 hybrid computer. The 
computer model was used to verify and optimize preliminary linear analysis of 
the fuel system. Stable governing and acceptable throttle bursts and chops were 
attained at all altitudes for both fuels. A typical time history of engine and 
system parameters obtained at sea level for a throttle-burst acceleration of 
the methane configuration is shown in Figure 16, sheets 1 and 2. The correspond- 
ing deceleration for this configuration is shown in Figure 16, sheets 3 and 4. 

The sea level acceleration and deceleration of the hydrogen system configuration 
is shown in Figure 16, sheets 15, 16, 17, and 18. These runs established the 
values for system gains and time constants for both the hydrogen and methane fuel 
systems that provided the most compatible system operation over the entire 
flight envelope. 

The computer model was later updated to reflect a reduction in length of 
fuel transmission line between the air-to-fuel heat exchanger and fuel metering 
package from 30 feet (9.15 m) to 20 feet (6.1 m) to be more consistent with the 
fuel piping installation at NASA-Lewis. This reduction permits an improvement 
in speed governor response which is helpful to improve engine acceleration 
characteristics in that portion of transients where exhaust nozzle closure 
significantly affects speed vs fuel flow characteristics. Figure 16, sheets 
23 through 26, shows a throttle burst in approximately 7 seconds from 57% to 
100% speed for methane at sea level static flight conditions. 

The system dynamic model was also temporarily altered to delete the 
representation of the facility fuel transmission line between the air heat 
exchanger fuel outlet and fuel metering package inlet. This line run is not 
expected to be required in an aircraf t-type installation, and an assessment 
was desired of the optimum J85 engine acceleration time obtainable with the fuel 
system in a flight installation. Removal of the line dynamics permitted an 
increase in speed governor gain and response; also, a further enriched accel- 
eration fuel schedule was employed, A best effort acceleration time, using 
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Figure 16 . 


Typical Time History of Engine and System 
for Methane Configuration (Continued). 


Parameters 
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Figure 16 . Typical Time History of Engine and System Parameters 
for Methane Configuration (Continued). 
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Sheet 16 


Figure 16. Typical Time History of Engine and System Parameters 
for Methane Configuration (Continued). 















Sheet 17 


Typical Time History of Engine and System Parameters 
for Methane Configuration (Continued). 







Figure 16 . 


Typical Time History of Engine and System Parameters 
for Methane Configuration (Concluded) , 



methane fuel, of 3.5 seconds from 57% idle to 100% speed was obtained. Figure 
17, sheets 1 and 2 shows the engine and fuel system time histories of this run. 
The traces show that turbine temperature limits are closely approached during 
the fuel system transient period, so that use of further increased fuel rates 
of change would be unproductive. The computer model was then run at other 
points in the flight envelope to map out the expected operating characteristics. 

FLOW METERING STUDY 


Since the system conceptual design involved the use of variable area flow 
metering through a choked, convergent flow passage with variable gas entrance 
temperatures, it was necessary to define specific flow functions for the H 2 
and CH 4 fuels for use in detail design of the metering valve and electrical 
flow computation circuits. Useful background data for H 2 flow metering in the 
temperature range 175° R (97.2° K) to 500° R (278° K) were found in Reference (1). 
This temperature range embraced the metering entrance temperatures expected for 
all specified engine operating conditions on H 2 fuel, but did not cover the 
temperature below 175° R (9 7.2° K) which could be encountered during system 
chilldown. 

Reference (1) establishes an expression and data for a real gas flow function 
for choked hydrogen flow which is equivalent to: 


W 8 C * P 8 .* K u 
A x8 vk T g 


(24) 


The dimensionless factor, C*, corrects the flow function for real gas effects 
in the metering. Data extracted or interpolated from Reference (1) for values of 
C* at selected values of Pg and Tg are tabulated in Table II as are corresponding 
values of Wg/A^ calculated using Equation (24). These flow function points 
were used to define the H 2 metering flow function in the range of Tg covered 
by Reference (1). 


Table II. H£ Flow Function Values from NASA TN D-2565. 


Is 

R 

(Tq) 
(° K) 

P 8 * 

psia 

( V 

(N/m^) 

c* 

ft-lbf 

( J ) 

lb -°R 

(KW-) m 

K — °K 
g 

175 

( 97.2) 

250 

(1.725xl0 6 ) 

0.7104 

5.67(1.0) 767 

(4.157x10^) 

200 

( 111 . 2 ) 

250 

(1.725xl0 6 ) 

0.6970 

5.67(1.0) 767 

(4.157xl0 3 ) 

300 

(166.6) 

250 

(1.725xl0 6 ) 

0.6747 

5.67(1.0) 767 

(4. 157xl0 3 ) 

500 

(278.0 

250 

(1.725xl0 6 ) 

0.6782 

5.67(1.0) 767 

(4.157xl0 3 ) 


V A x8 

pps/in^ 


2.74 

2.52 

1.99 

1.55 


< WA g/Axg) 

( 4 ) 

\sec-mt4- 

(1.93x10; 

(1.77xl0 3 ) 

(1.396xl0 3 ) 

(1.087x10 3 ) 


Since it was desirable to extend the low temperature range of the flow 
function to include chilldown conditions, another method was used to estimate the 
flow function from 75° R (41.7° K) to 150° R (83.3° K) . An iterative procedure 
was used to establish metering throat density and velocity corresponding to 


42 














Figure 17. Time History of Engine and System Parameters for 
Methane Configuration with Line Dynamics Removed 
(Concluded) , 




selected entrance pressure and temperature conditions. An isentropic flow 
process from metering entrance to metering throat was assumed, and entrance 
velocity to the metering passage was assumed negligible in relation to throat 
velocities. The enthalpy change from entrance to throat was determined from the 
equation: 


H 8 



(25) 


Trial estimates of the value of v were initially used at each selected 
entrance case. Graphical property maps for para-hydrogen available in Reference 
(2) were employed to trace the isentropic process from selected entrance conditions 
to throat conditions based on the estimated enthalpy change. The velocity esti- 
mate was then checked at the trial throat conditions against data for sonic 
velocity vs. temperature available in Reference (2). The velocity estimation 
process was repeated until the estimate matched the sonic velocity value from 
Reference (2) corresponding to the throat temperature, and throat density was then 
obtained from Reference (2) . A value for the flow function at the selected 
entrance conditions was then established from the equation: 


W, 


x8 


P v 
c c 

144 


(26) 


Values of the flow function established in this manner are tabulated in 
Table III for entrance temperatures 75° R (41.7°K) to 150° R (83.3° K) . 


The values of the hydrogen flow function established in Tables II and 
III were used to draw a continuous flow function versus entrance temperature 
as plotted on Figure 18. This function was used in design of hydrogen flow 
metering and computation circuits. 


Table III. 


H 2 Flow Function Values from Property Maps . 


T 

8 

° R 

(T ft ) 

(°K) 

P 8 

psla 

<V p c 

(N/m^) lb/ft ^ 

(P c } 

(K /m 3 ) 

- • g- 

V 

c 

ft/sec 

(v ) 
c 

(m/sec) 

V A xS 

pps/in^ 

<VV 
( k £ ) 

v — ^ ) 

sec-m2 

75 

(41.7) 

250 

(1.725xl0 6 ) 

0.55 

(8.80) 

1245 

(380) 

4.75 

(3.33xl0 3 ) 

80 

(44.4) 

250 

(1.725xl0 6 ) 

0.51 

(8.17) 

1375 

(419) 

4.86 

(3. 40x10 3 ) 

85 

(47.2) 

250 

(1.725xl0 6 ) 

0.45 

(7.20) 

1450 

(442) 

4.50 

(3. 16x10 3 ) 

90 

(50.0) 

250 

(1.725xl0 6 ) 

0.41 

(6.56) 

1500 

(457) 

4.27 

(3. 00x10 3 ) 

100 

(55.6) 

250 

(1.725xl0 6 ) 

0.37 

(5.92) 

1650 

(503) 

4.24 

(2.97xl0 3 ) 

120 

(66.7) 

250 

(1. 725x10 h 

0.29 

(4.64) 

1850 

(564) 

3.73 

(2.62xl0 3 ) 

160 

(88.9) 

250 

(1.725x10°) 

0.19 

(3.04) 

2200 

(671) 

2.90 

(2.04xl0 3 ) 


45 







Useful data for defining the methane or natural gas flow functions were 
found in Reference (3) for the temperature range 450° R (250°K) to 720° R (400°K) . 
Real gas flow effects for natural gas in this temperature range were presented 
for a natural gas composition by volume consisting of: 


CH 4 = 

0.9272 

iC^H^o 

= 0.0007 

N 2 = 0.0218 

C 2 H 6 = 

0.0361 

-VlO 

= 0.0010 

C0 2 = 0.0077 

C 3 H 8 = 

0.0055 




A natural gas flow function and data were established in Reference (3) such 

that: 



<j>i 




(27) 


Values of the flow function and data obtained in the temperature range 
450 R (250° K) to 720° R (400° K) for natural gas are tabulated in Table IV. 


Table IV. Natural Gas Flow Function Values from NASA TMX-52965. 


T 8 

°R 

<T 8 ) 

(”K) 

P 8 

psia 

<V 

(N/m 2 ) 


♦i 

(sec-°R 1 ^ 2 ) /ft 

(O 

Ll/2 

sec- K 

K 

u 

( V 

V A *8 

/• 2 
pps/xn 

K 

s ^ 

sec-m z 

m 

450 

(250) 

700 

(4.82xl0 6 ) 

1.099 

0.01249 

(0.03054) 

32.17 

(1.0) 

14.54 

(1.02x10*) 

495 

(275) 

700 

(4.82xl0 6 ) 

1.069 

0.01247 

(0.03049) 

32.17 

(1.0) 

13.48 

(0.945xl0 4 ) 

540 

(300) 

700 

(4.82xl0 6 ) 

1.050 

0.01244 

(0.03042) 

32.17 

(1.0) 

12.65 

(0.887xl0 4 ) 

630 

(350) 

700 

(4 . 82x10^) 

1.0295 

0.01237 

(0.03025) 

32.17 

(1.0) 

11.40 

(0.801xl0 4 ) 

720 

(400) 

700 

(4.82xl0 6 ) 

1.018 

0.01229 

(0.03006) 

32.17 

(1.0) 

10.50 

(0.737xl0 4 ) 


The data presented in Table IV were extrapolated for temperatures above 720° R 
(400° K) by making the assumption that the value of <{>/<}> in Equation (27) remains 
unity at the higher temperatures, and that remains constant at 0.01229 
sec-°R 1 / 2 /ft (0.03006 sec-°K 1 / 2 /m) for T >_ )20° R (400° K) , as would be the 
case for an ideal gas. ° 

The additional extrapolated values obtained are listed in Table V. 
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Table V. Natural Gas Flow Function Values Extrapolated 
from TMX-52965. 


( V A x8> 


T 

8 

°R 

(TJ 

(°K) 

P 8 

psia 

(P 8> 
(N/in ) 

0/0 1 
^ i sec- ° RZ/ft 

Wl/ 

sec- ° K 2 

K 

u 

<v 

W 8 /A x8 
pps/ in ^ 

K g 

m 

sec/m^ 

900 

(500) 

700 

(4.82xl0 6 ) 

1.000 

0.01229 

(0.03006) 

32.17 

(1.0) 

9.40 

(0.66xl0 4 ) 

1200 

(667) 

700 

(4.82xl0 6 ) 

1.000 

0.01229 

(0.03006) 

32.17 

(1.0) 

8.13 

(0.57xl0 4 ) 

1510 

(839) 

700 

(4.82xl0 6 ) 

1.000 

0.01229 

(0.03006) 

32.17 

(1.0) 

7.24 

(0.508xl0 4 ) 


The data obtained in Tables IV and V were plotted as a smooth curve shown 
in Figure 19. This flow function was used in design of natural gas flow 
computation circuits and metering. 

Having established the temperature compensation functions to be used in 
flow computation and the intended mechanization arrangement of the metering 
valve and flow computer circuits, an estimate of the flow- computing accuracy 
to be expected from the system was performed. It was obvious that the largest 
percentage errors in fuel flow computation were to be expected at the minimum 
values of system fuel flow level as in any flow metering system, but it was not 
readily apparent as to what influence the temperature compensation function 
might have in the magnitude of these errors. Graphically, the tangent percent- 
age slopes of the temperature functions were established at various values of 
(Tg) and (Wg/A^-g) . Percentage errors for the temperature detectors were assumed 
based on +10° R (5.56° K) error for methane and +5° R (2.78 °K) error for hydrogen. 
These assumed errors were multiplied by the percentage slopes of the temperature 
functions to find the worst fuel flow percentage error as a function of tem- 
perature. The maximum fuel flow error contributed by the temperature sensor and 
compensation function occurs at 125° R (69.5° K) for hydrogen metering and at 
375° R (208° K) for natural gas metering. 


Using the selected worst case Tg conditions for temperature sensor errors 
in computed fuel flow, estimates were made for the remaining error sources at 
values of fuel flow ranging from 5% to 100% of system rated fuel flow. The 
following error sources were considered for hydrogen metering: 


• Metering Port Tolerance 

• P8 Pressure Regulation Accuracy 

• Coefficient of Discharge Variation 

• Tg Temperature Sensor Error (125° R) 

• Xg LVDT and Demodulator 

• Tg Funct ion Electrical Error 

• Anti-Ln Generator Electrical Error 


+3.0% Wg 
+1.0% W g 
+2.0% Wg 
+3.08% Wg 
+2.68% Wg 
+2.68% Wg 
+0.2% Full Scale 
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The only source in the above list which could not be estimated as contributing 
a constant maximum percentage Wg error as a function of fuel flow level was the 
Anti-Ln Generator. The percentage of full-scale accuracy of the generator 
converts to +0.2% Wg at 100% fuel flow, +1.0% Wg at 20% fuel flow, and +4.0% Wg 
at 5% fuel flow. 

The errors estimated from the various sources were summed on a root-sum- 
square basis to yield the following overall computed fuel flow accuracies for 
hydrogen: 


«■ 

00 


Wg Level, 

Wg Error 

° R 

(°K) 

% of Max. 

+% of W 

125 

(69.5) 

5% 

+7.33% 

125 

(69.5) 

20% 

+6 . 23% 

125 

(69.5) 

100% 

+6.15% 


For natural gas fuel flow error estimation, the identical error source contri- 
butions were used except that the worst case Tg value of 375° R (208° K) was 
used resulting in a +2.04% Wg effect due to temperature sensor errors. The 
root-sum-square summation of these errors for natural gas metering yields the 
following overall Wg computation errors: 


T8, 

H 

CO 
V — * 

w 

Wg Level f 

W8 Error (RSS) > 

0 R 

(° K) 

% of Max. 

+% of Wg 

375 

(208) 

5% 

+6.95% 

375 

(208) 

20% 

+5.78% 

375 

(208) 

100% 

+5 . 70% 


These estimated overall fuel flow computation accuracies were considered 
to be conservatively estimated, and since most operation is expected to occur 
at Tg temperatures above the worst case selected, the resulting Wg accuracy will 
be better than the estimates made. The values obtained are well within the +10% 
Wg accuracy objective desired for the system. The use of a mode of engine 
acceleration control which limits fuel flow rate of change rather than fuel 
flow itself permits use of less stringent accuracy levels in fuel flow compu- 
tation. 

SYSTEM FAILURE MODES AND EFFECTS ANALYSIS 


During design reviews of the conceptual system, it was recognized that 
safety and equipment protection would be a major concern for the program due 
to the use of highly flammable fuels in close proximity to high temperature 
heat sources and due to the overall equipment complexity required to accomplish 
the intended functions. A system failure mode and effects analysis was per- 
formed wherein each major subsystem was analyzed for the possible modes of 
failure of its input/output parameters, and the resulting effects to be 
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expected in each of the interrelated subsystems were established. The analysis 
revealed several undesirable failure effects for the system, and changes or 
additions were recommended as listed below: 

• Latch the engine overspeed-overtemperature trip signal output 
to prevent cycling of shut-off and vent valves after shutdown, 

and add valve position signal lights to the shutoff and vent valves. 

• Add a temperature logic circuit to the engine control to select 
engine governing after light-off and deselect governing after 
blowout, and provide a signal light to indicate engine tempera- 
ture logic condition. 

• Add signal lights to indicate air heater fuel solenoid condition 
and low burner temperature. 

• Add a hydraulic pump overpressure relief valve. 

• Add a redundant engine speed sensor for overspeed protection 
(NASA tachometer). 

• Add heat exchanger fuel pressure relief valves. 

• Mechanically bias pump and valve torquemotors to the shutdown 
condition for zero current. 

• Add fuel leak or fire detectors in vicinity of fuel package. 

• Add fuel leak detectors to airflow side of heat exchangers. 

• Surround air-fuel heat exchanger with a blast shield. 

• Add fuel leak detectors and high level warning to oil heater 

surge tank. 

• Add blowout discs to oil circuit of oil-methane heat exchanger. 

All of these recommended changes were implemented in the detail design and 
fabrication of system hardware. 
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HARDWARE DESIGN AND FABRICATION 


FUEL CONDITIONING PACKAGE 


A fuel conditioning package to accomplish the pumping and gasification of 
the fuels for delivery to the system metering controls was designed and built. 
Major components were purchased from vendor sources and were assembled and 
interconnected in a test rig framework designed and fabricated by the contrac- 
tor. The fuel conditioning package assembly was defined by drawing 4013156-317 
and is depicted in the methane configuration in Figure 20. 

Fuel Pump and Inlet Conditioner 

A fuel pumping and inlet conditioner subassembly was purchased from Cosmodyne 
Division of Cordon International Corp. and was integrated within the fuel 
conditioning package. The subassembly components include a fuel pump and 
subcooler as depicted in Figure 21. 

A cross section of the variable speed fuel pump and motor assembly is 
shown in dwg. 2311401. Five reciprocating pistons pump LH 2 or LCH 4 from intake 
pressure to discharge through pressure-operated intake and discharge check valves 
located in the cryogenic cylinder head. Hydraulic motive pressure, which is 
ported through a rotating sequence valve, is applied to hydraulic pistons 
directly in line with the cryogenic pistons. Piston reciprocation is tied 
through ball-jointed connecting links to a nutating plate. As the plate nutates, 
a Z-crank shaft imparts rotary motion to the sequence valve, establishing a 
hydraulic timing synchronized with piston motion. Hydraulic flow to the 
sequence valve is set by an electrohydraulic torquemotor-servovalve to control 
pump speed and fuel delivery. An electromagnetic pickup senses sequence valve 
rotational speed for control loop feedback. The vacuum insulated package is 
27.5 inches (0.7 m) long x 6.75 inches (0.171 m) O.D. and weighs 60 lbs 
(27.2 Kg). 

Saturated liquid LH 2 or LCH 4 at 30 psia (2.07 x 10^ N/m^) minimum is 
received at the conditioner inlet. The inlet conditioner subcools the 
incoming fuel by heat exchange with a bath of the fuel which is vented to 
ambient. The subcooled fuel is delivered directly into pump inlet from 
the conditioner discharge. The outer bath is vacuum insulated. A bath 
level control valve intermittently ports liquid fuel from the heat exchanger 
header to the outer bath to maintain the boiling bath level at a preselected 
value to assure maximum cooling. 

The rated performance for which the fuel pumping and inlet conditioning 
equipment was designed is listed as follows: 
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Figure 20. Fuel Conditioning Package Assembly 
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Figure 21. Fuel Pumping and Inlet Conditioner Subassembly, Fuel Pump and Subcooler. 




Cryogenic Fluid 


Inlet Conditions 

Pressure 

Temperature 

Subcooler Bath 

Pressure 
Temperature 
Capacity 
Vent Flow rate 
(maximum) 

Discharge Conditions 
Pressure 

Delivered Flow 


Supply Conditions 

Pressure 

Flow 

Temperature 

Return Conditions 

Pressure 

Flow 

Temperature 


20 to 60 psia (1.38 x 10 5 to 4.14 x 10 5 N/m 2 ) 
Saturated liquid 


Ambient 

Saturated liquid 

3 

65 gallons (0*246 m ) 

282 scfra H 2 (0.133 m^/sec) 


165 scfm CH/, (0.078 m^/sec) 


lh 2 

400 + 100 psia 
(2.76 x 10 6 + .69 x 10 6 
N/m 2 ) 

10 80 pph 

(0.136 Kg/sec) 

27 gpm 

(17 x 10 ^ m^/sec) 


lch 4 

900 + 200 psia 
(6.21 x 10 6 + 1.38 x 10 6 
N/m 2 ) 

2410 pph 
(0,304 Kg/sec) 

12 gpm 

(7.56 x 10 ^ m^/sec) 


Hydraulic Fluid (MIL-H-5606) 


3000 psig (20.7 x 10 6 N/m 2 ) 

16 gpm (LH 2 configuration) (10.1 x 10~ m J /sec) 

/ Q 

9 gpm (LCH 4 configuration) (5.67 x 10 m /sec) 

50 to 120° F (283 to 322 ° K) 

100 psia (6.89 x 10 5 N/m 2 ) 

15.5 gpm (LH 2 configuration) (9.77 x 10 ** m^/sec) 
8.5 gpm (LCH 4 configuration) (5.35 x 10 _< ^ m 3 /sec) 
65 to 140° F (286 to 333 ° K) 
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Hydraulic Motor Cavity Drain 


Pressure 

Flow 

Temperature 


Ambient 

0,5 gpm (0.315 x 10 ^ m^/sec) 
65 to 140° F (286 to 333° K) 


Input Current 


Servo Valve (Ab ex Model 420) 
80 ma/coil 


Pump Speed Sensor (Airpax Model 721-001) 

Output waveform Sinusoidal 

Output frequency 38.4 Hz/ 100 rpm 

Output voltage (min) 0.130 vrms at 100 rpm 


Air-Methane Heat Exchanger 

Mechanical Design 

The air-methane heat exchanger is shown in the drawing of Figure 22. 

The heat exchanger has a counterflow arrangement with a single pass of air 
through the cylindrical annulus formed between the inner and out shells, and 
two passes of methane through the tube core bundle. This arrangement was 
selected to minimize the icing problems associated with air heat exchangers 
operating at cryogenic temperatures , 

The tube bundle consists of 804, 0.188 inch-OD (0.478 x 10~ 2 m) by 0.016- 
inch (0.0406 x 10“ m) wall tubes with an average tube length of 28 inches 
(71.2 x 10 m) . The Inconel 625 tube bundle is arranged in a cylindrical 
array with a core diameter of 20 inches (0.508 m) and is approximately 18 
inches (0.458 m) long. This wraparound configuration was selected because 
of its low profile and the adaptability of this configuration to future 
engine installations where the core could be either partially or completely 
wrapped around the engine. 

The methane enters the heat exchanger though a 1-inch (2.54 x 1(T 2 m) inlet 
to a distributing manifold whose cross-sectional flow area is sufficiently large 
to achieve a fairly uniform pressure across the face of both core sections. 

The inlet manifold has a divider plate that separates the inlet from the outlet 
to prevent the methane from bypassing the core. A 0.040-inch (0.103 x 10“2 m ) 
diameter orifice is brazed into the inlet of each tube to further equalize the 
flow rate of each tube. After passing through the rear section, the methane 
from each half discharges into the common return manifold. The methane from 
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each half is thoroughly mixed and then flows to the inlet side of the forward 
tube section to start its second pass. A 0.070- inch (0.178 x 10~ 2 m) orifice 
is brazed into the inlet of each tube to equalize the flow rate of each tube 
in the second pass of the methane through the core. The methane discharges 
into the common exit header and is discharged through a 1-inch (2.54 x 10“ 2 m) 
outlet. 

The hot air enters the heat exhanger through two, 2-1/2-inch (6.35 x 10~ 2 m) 
inlets into a 4- inch (10.3 x 10~ 2 m) diameter toroidal air manifold. The air 
leaves the air manifold through 36 slots evenly distributed over the face of 
the core. The air passes through the forward section of the core and discharges 
into a mixing chamber between the two sections before completing the pass 
through the rear section. The cooled air then passes through the slots into 
the outlet toroidal manifold and discharges through two 2-1 /2-inch (6.35 x 10-2 ra ) 
outlets . 

A summary of the mechanical design features of the air-methane heat 
exchanger is shown in Table VI. 

Thermal and Hydraulic Design 

The air— methane heat exchanger was designed to meet the performance 
requirements summarized in the contract Statement of Work. This specifica- 
tion requires that the heat exchanger performance be not significantly impaired 
by the formation of ice in the heat exchanger that could partically block the 
free— flow area on the air side of the heat exchanger. The no-icing condition can 
be met even with an inlet methane temperature of -215° F (131° K) by designing 
the heat exchanger so that the tube wall is always above 32° F (273° K) for 
all operating conditions* This is accomplished in the heat exchanger by 
controlling the ratio of the film heat transfer coefficient at the inner 
and outer surface of the tube wall (i.e., a high-heat transfer coefficient 
on the hot air side and a low-heat transfer coefficient on the cold methane 
side of the tube). The resultant heat exchanger size and weight are larger 
than that which would be designed if the no— freeze criteria were not required. 

The required no— freeze resistance ratios for the two cases where significant 
thermal resistance is present in the tube, and for the case where it is negli- 
gible, are presented in Figure 23, 

The general calculational method used for determining the thermal design 
with the no-freeze restriction is illustrated in Figure 24. A series of 
parametric curves were generated as a function of the tube diameter using the 
thermal rating required for the TAKE-OFF condition. In addition to the bare 
tubes study, a parametric study was made using finned tubes. Several arrangements 
using finned tubes were considered, but none showed a significant improvement 
in core geometry from the bare tubes. Based on the parametric studies, a 
reference design was selected with 2240 core tubes of 0.188- inch (0.478 x 10” 2 m) 
diameter* The core was arranged for a two-pass flow system with each bank 
equal in size and number of tubes* 
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Table VI. Air- to-Me thane Heat Exchanger Mechanical Design* 


Type - One-Pass Air, Two-Pass Methane, Counter Flow 

Overall Core Dimensions - 20- inch (0.508 m) Diameter by 18-inch 

(0*457 m) Length 

Unit Weight (without facility air ducting): 

Estimated Actual 


Core 

112 lb 

(50.8 kg) 

100 lb 

(45.4 kg) 

Shell 

160 lb 

(72.6 kg) 

200 lb 

(90.8 kg) 

Total 

272 lb 

(123.4 kg) 

300 lb 

(132.2 kg) 


Methane Side 

No. of Tubes = 804 

Tube Size - 0.188- inch (0.478 cm) Dia x 0.016-inch (0.0406 cm) Wall 
x 28- inch (0.711 m) Long 

Arrangement - Triangular Array, P/D =1.25 

Pressure - 1150 psia (7.92 x 10 6 N/m 2 ) 

Temperature Range 215° F (136° K) to +854° F (730° K) 

Air Side 

Pressure - 155 psia (1.07 x 10 6 N/m 2 ) 

Temperature Range - 1180° F (912° K) — ~-115° F (320° K) 

Core Pressure Drop - 5 psi (3.45 x 10^ N/m 2 ) 

Design Features 

(1) Wrap-Around Configuration 

(2) Floating Core 

(3) Curved Tubes to Accommodate Large Differential Thermal Expansion 

(4) Toroidal Air Manifold 

(5) Asymmetric Core 
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TEMPERATURE DROP AIR-SIDE WALL TO FUEL: 
T w q - T f = q <R f + R w ) (a) 

Temperature Drop from Air to Fuel: 


T a “ T f = 1 ( R f + R w + R a ) 


(b) 


Combining Equations (a) and (b) and Rearranging: 


R f + R w 


Ra 


F u - - W 0 

where F = 


1 - F 


T a * T f ’ 


the Freeze Coefficient 

For no Freezing of Water, T a 32 0 p 

w o 


Then 


R f + R w F 

5 

R a 1 - F 


No Freezing 


where R - 


'Fuel 


’SS 


w k Fuel k SS316 
fuel 


For Bare Tubes, 6 = 0 and R„ » R 



No Freezing 


Figure 23. Air- to-Methane Heat Exchanger 
Performance, Derivation of 
No- Freeze Criterion. 
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Figure 24. Heat Exchanger Caicula tional Method with No-Freeze 
Criterion . 
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Additional design studies indicated that an asymmetric bank design 
would show a significant improvement and meet the no-ice formation criteria. 

The increased efficiency of the asymmetric core resulted in a reduced-core 
volume. The number of tubes was reduced from 2240 to 804. This signifi- 
cant reduction in the number of tubes resulted in a more compact and reliable 
heat exchanger design. The calculated performance of the air-methane heat 
exchanger is shown in Table VII. 

Oil-Methane Heat Exchanger 

Mechanical Design 

The oil-methane heat exchanger is shown in the drawing of Figure 25. 

The heat exchanger has a co-flow arrangement with the fuel making one pass 
through the tubes and the oil making five shell-side passes in cross flow. 

The core consists of 342, 0.188-inch-OD (0.478 x 10 -2 m) by 0.016-inch- 
wall (0.0406 x 10 m) tubes 5.5 inches (14 x 10 m) long. The Inconel 
625 tubes are arranged in a triangular array with a pitch-to-diameter ratio 
of 1.25. There are 57 rows with six_£ubes in each row. The overall core 
dimensions are 1.6 inches (4.06 x 10 m) thick by 12 inches (30.5 x 10“ 2 m) 
wide and 5.5 inches (14 x 10“ 2 m ) long. 

The shell of the heat exchanger consists of five shallow U-shaped members 
that are circumferentially welded to the flow baffles and the headers. The 
shell holds the baffles in place and maintains a. constant flow area for the oil. 
The shell design is sufficiently flexible to accommodate the small differential 
thermal expansion between the shell and core. 

The methane enters the heat exchanger through a 1-inch (2.54 x 10 m) inlet 
and a tee-shaped distributor at -230° F (128° K) and 1150 psi (7.93 x 10 6 N/m 2 ) . 
The methane passes into the tube core through a 0.040-inch (.103 x 10“ 2 m) orifice 
designed to equalize the flow rates between tubes. The methane, after cooling the 
oil, discharges into the outlet header and discharges through a 1-inch (2.54 
x 10 -2 m) outlet. 

A summary of the mechanical design features of the oil-methane heat exchan- 
ger is given in Table VIII. 

Thermal and Hydraulic Analysis 

The pour point of an oil is determined by cooling a sample of oil in a 
test jar until, when the jar is displaced from the vertical to the horizontal 
position, no perceptible movement of the oil will occur within 5 seconds. Tube 
wall temperatures in the vicinity of the pour point must be avoided since stag- 
nant oil films at that temperature could result and lead to stratification, 
poor local heat transfer, and reduced flow area. The minimum allowable tube 
wall temperature is a matter of judgement. Both 0° F (255° K) and -50° F 
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Table VII. Calculated Performance of Air-Methane Heat Exchanger 



Engine^^ 

Start 

Idle 

Takeoff (2) 

Cl imb 

Acceleration 

Cruise 

Deceleration 

Descent 

Methane 









Inlet Temp, (3) ° F 

( c K) 

-200 

(144.5) 

-175 

(158) 

-215 

(136) 

-193 

(148) 

-188 

(151) 

-116 

(191) 

+330 

(439) 

170 

(350) 

Calculated 
Outlet Temp, ° F 

(° K) 

265 

(402) 

2 60 
(400) 

430 

(494) 

415 

(486) 

548 

(560) 

1050 

(838) 

820 

(711) 

420 

(489) 

Flow, lbm/sec 
(kg/sec) 

0.065 

(0.0295) 

0.133 

0.0603) 

0.665 

(0.0302) 

0.266 

(0.121) 

0.465 

(0.211) 

0.200 

(0.0908) 

0,033 

(0.015) 

0.033 

(0.015) 

Air 









Inlet Temp, c F 

(° K) 

290 

(417) 

290 

(417) 

680 

(633) 

630 

(605) 

1080 

(856) 

1180 

(912) 

830 

(717) 

425 

(492) 

Inlet Press, psia 

(N/m 2 x 10" 6 ) 


60 

(0.414) 

155 

(1,07) 

60 

(0.414) 

130 

(0.896) 

65 

(0.449) 

30 

(0.207) 

45 

(0.310) 

Calculated 
Outlet Temp, ° F 

<° K) 

182 

(356) 

146 

(337) 

150 

(339) 

125 

(325) 

548 

(560) 

760 

(677) 

780 

(688) 

404 

(480) 

Flow, lbm/sec 
(kg/sec) 

0.78 

(0.354) 

1.59 

(0.722) 

2.65 

(1.205) 

1.06 

(0.481) 

2.92 

(1.325) 

1.46 

(0.662) 

0.795 

(0.361) 

0.928 
(0.4 22) 


(1), Engine start condition received 11/10/70. 


(2) Actual methane inlet temperatures may be higher in system performance of oil-methane unit, 

(3) Fuel-side pressure drop at takeoff is 16 psi (1.102 x 10 5 N/m 2 ), due to four flow restrictors; air-side core 
pressure drop at takeoff is 4.5 psi (3.1 x 10^ N/m 2 ) plus 10 psi (6.89 x 10^ N/m 2 ) total for inlet and exit toroids. 









Table VIII. Oil-to-Methane Heat Exchanger Mechanical Design. 


Type - Five-Pass Oil, One-Pass Methane, CO Flow 

Overall Core Dimensions - 1.6 in. (4.06 cm) x 12 in. (30.5 cm) 

x 5.5 in. (14 cm) Long 

Unit Weight (without facility piping) : 





Estimated 



Actual 



Core 

16.8 

lb 

(7.62 

kg) 

16.4 

lb. 

(7.45 

kg) 


Shell 

6.0 

lb 

(2.73 

kg) 

9.7 

lb 

(4.40 

kg) 


Total 

22.8 

lb 

(10.35 

kg) 

26.1 

lb 

(11.85 

kg) 

Methane Side 










No. of Tubes - 

■ 342 









Tube Size - 0. 

188-in. 

(0.478 cm) 

Dia x 0. 

■016-in. 

(0.0406 cm) Wall 



x 5. 5- in. (14 cm) Long 


Arrangement - Triangular Array, P/D = 1.25 
Pressure - 1150 psia (7.9 x 10 6 N/m 2 ) 

Temperature - 230° F (128° K) 

Oil Side 

Pressure - 165 psia (1.137 x 10 6 N/m 2 ) 

Temperature Rnage - 200° F (367° K) to 500° F (533° K) 
Maximum AP - 25 psi (1.72 x 10 5 N/m 2 ) 

Design Features 

(1) Flexible Shell 

(2) Straight Tubes 

(3) Minimum Bypass Design 
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(228° K) were considered for this application with a pour point of -120°F 
(189° K). 

The oil-methane heat exchanger was overspecified in that two different 
thermal designs were defined by the specification (i.e., "Take-Off 11 and "Cruise" 
condition). The heater exchanger was designed for the "Cruise" condition which 
is the point of maximum heat transfer. The resultant design will overperform 
at the "Take-Off" condition in that the oil will be cooled below the required 
290° F (416° K) as shown in Table IX, The exit bulk oil temperature is 
predicted to be approximately 164° F (347° K) , but the minimum tube wall 
temperature will be as low as -50° F (228° K) . The heat exchanger was designed 
for silicon-base oil SF 8150 (dimethyl polys iloxane) which has a pour point 
of -120° F (189° K). 

Control of the tube wall temperature is accomplished in the same manner 
as that used to prevent freezing in the fuel-air heat exchangers. The ratio of 
the film heat transfer coefficients at the inner and outer surface of the 
tube wall must be above a required value. Using the general calculation 
method discussed for the air-methane heat exchanger, a series of parametric 
curves was generated as functions of the assumed tube diameter. 

Table X shows a comparison of the heat exchanger core parameters for the 
assumed 3/16 inch (0.478 x 10 ~^ m ) tube size with 6 oil passes for the two 
assumed minimum tube wall temperatures. For this table, zero oil leakage 
is assumed. Overall consideration of all factors led to the selection of 
the -50° F (228° K) tube wall design. Primary items influencing this selection 
were: The low pour point temperature of -120° F (189° K) , the predicted 
minimum exit bulk oil temperature of +25° F (269° K) , and geometric consid- 
erations . 

The number of oil passes was reduced from 6 to 5 in the final design 
so that the oil inlet and outlet tubes would be on opposite sides. This 
ensured that all the oil, regardless of the amount of bypass leakage, would 
cross the core bundle at least once. 

The calculated performance of the oil-methane heat exchanger is shown 
in Table XI. 


Table IX. Operation of Oil-Methane Unit at 
Takeoff when Sized for Cruise 


Cruise 


Takeoff 


Inlet Oil Temperature 
Outlet Oil Temperature 

Inlet Fuel Temperature 
Outlet Fuel Temperature 


400° 

F 

(478° 

K) 

400° 

170° 

F 

(350° 

K) 

290° 

164° 

-231° 

F 

(127° 

K) 

-235° 

-100° 

F 

(200° 

K) 

-215? 

-189° 


F (478° K) 

F specified (417° K) 
F actual (347° K) 


F (125° K) 

F specified )1^ 

F actual (151° K) 


K) 
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Table X. 

Oil-Methane 

! Heat Exchanger Core Parameters 


l. Tube 

Total 

Tube 

Oil Plow 

Transverse 

Oil 

ip. @ TO 

Tubes 

Length 

Length /Pass 

Length 

Passes 

-50° F 

184 

4" 

7" 

1 3/16" 

6 

(228° K) 


(0.102 m) 

(0.178 m) 

(0.0302 m) 


0° F 

505 

3" 

10 1/2" 

2 3/8" 

6 

(255° K) 


(0.0762 m) 

(0.267 m) 

(0.0603 m) 



Air-Hydrogen Heat Exchanger 

Mechanical Design 

The air— hydrogen heat exchanger is similar in construction to the air- 
raethane unit except it is designed for a 100° arc sector rather than the com- 
plete 360° wraparound configuration of the air-methane unit. The reduced size 
is due to the lower thermal capacity requirement for the air-hydrogen heat 
exchanger. The air-hydrogen heat exchanger is shown in the drawing 
of Figure 26. 

The air-hydrogen heat exchanger core is arranged in a one-pass air, two- 
pass fuel configuration similar to the air-methane heat exchanger. The air- 
hydrogen unit is co-flow where the air-methane unit was counterflow. Another basic 
difference is the use of a fuel tube assembly consisting of two concentric 
tubes with a stagnant layer of fuel in the annulus. The additional thermal 
resistance in the tube is used effectively to meet the "no-icing" requirement 
needed to operate an air heat exchanger with cryogenic fuel. 

The tube bundle or core consists of 235 fuel tubes with an average length 
of 12.6 inches (0.32 m) . Each tube assembly consists of an 0. 188-inch-0D 
(0.478 x 10 -2 m) outer tube with a 0.016-inch (0.0407 x 10 -2 m) wall and 0.136- 
inch (0.346 x 10“ 2 m) inner tube with a 0.008-inch (0.0203 x 10 -2 m) wall 
separated by a spirally wound 0.00 8- inch-diameter (0.0203 x 10 -2 m) spacer 
wire. The tubes are arranged in a 7.5-inch (0.19 m) radius sector having 
an overall dimension of 1.5 inches (0.0381 m) thick by 13 inches (0.33 m) wide 
by 12 inches (0.305 m) long. The core is divided into two asymmetric sections. 

The first bank or forward section consists of 13 rows of five tubes across; 
the second bank or rear section consists of 34 rows of five tubes across. 

The tubes are arranged in a triangular array with a pitch- to-diaraeter ratio 
of 1.25. The spacing between tubes is maintained by five baffle plates which 
are 1.3 inches (0.033 m) wide and 0.100 inch (0.254 x 10“ 2 m) thick and run 
the length of the core bundle to join the rear and forward banks together. 

The baffle plates have positioning holes for each tube and are match drilled 
to the same triangular pattern as the tube headers. The baffles are used 
only for tube support and maintain the spacing between tubes and limit 
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Table XI. Oil-Methane Unit Calculated Performance 
of Present Five-Pass Design 


Methane 


Inlet Temp, ° F -230 

(° K) (128) 

Calculated 

Outlet Temp, 0 F -132 

(° K) (182) 

Flow, lbm/sec 0.133 

(Kg/sec) (0.0603) 


Inlet Temp, 0 F 200 

(° K) (366) 

Calculated 

Outlet Temp, ° F 2 

(° K) (256) 

Flow, lbm/sec 0.195 

(Kg/sec) (0.0885: 


Takeoff 

** 

Climb 

Accel- 

eration 

Cruise 

Decel- 

eration 

Desce 

-235 

(125) 

-232 

(127) 

-233 

(126) 

-231 

(127) 

-210 

(139) 

-210 

(139) 

-189 

(151) 

-120 

(189) 

-174 

(159) 

-106 

(197) 

256 

(397) 

180 

(355) 

1.655 

1.297) 

0.266 

(0.121) 

0.465 

(0.211) 

0.20 

(0.0907) 

0.033 

(0.015) 

0.033 

(0.015) 

400 

(477) 

400 

(477) 

400 

(477) 

400 

(477) 

500 

(533) 

400 

(477) 

164 

(346) 

174 

(352) 

167 

(348) 

16 7 
(348) 

341 

(445) 

252 

(395) 

.325 

.148) 

0.325 

(0.148) 

0.325 

(0.148) 

0.325 

(0.148) 

0.292 

(0.133) 

0.260 

(0.118) 


opck.J_.L_LL UCdL J_t> DLU / 1DH1 - P V, 1 . O / X 1U J /Kg” K) 

Oil AT meets the specification at cruise and exceeds the specification at all other conditions 

** Oil-side pressure drop at takeoff is 20 psi (1.38 x 10^ N/m^), including 18 velocity heads for 
inlet, pass expansion, turning, and exit losses. Fuel-side pressure loss is 8 psi (5.52 x 10^ 
N/m^) (due to 2 flow restrictors). 



the vibrational amplitude and frequency of the individual tubes during 
operation. The three center baffles are welded to the inlet air manifold 
to support the core and dampen the tube bundle from flow— induced vibrations. 

A summary of the mechanical design features of the air-hydrogen heat 
exchanger is given in Table XII. 

Thermal and Hydraulic Design 

The air-hydrogen heat exchanger was designed to meet the performance 
requirements summarized in the Statement of Work. This specification requires 
that the heat exchanger performance be not significantly impaired by the 
formation of ice in the heat exchanger that could partially block the 
free-flow area on the air side of the heat exchanger. A thermal inconsis- 
tency relative to the non— freeze 11 design was found in the specification; if 
the heat exchanger is designed to meet the "take— off" condition, the exit 
air temperature at "cruise" will be -19° F (245° K) which is inconsistent 
with the "non-freeze" icing condition. The solution to the problem was to 
design a smaller capacity heat exchanger which does not cool the air below 
32° F (273° K) at the "cruise" condition. 

The no-icing condition can be met using the same criteria as described 
in detail for the air-methane heat exchanger. In addition to controlling 
the convective heat transfer coefficients, a stagnant layer of fuel between 
two concentric tubes is used to decrease the heat transfer rate through the 
fuel tube in order to maintain the air— side temperature of the fuel tube 
above 32° F (273° K) . 

The initial analysis of the air-hydrogen heat exchanger was made for 
bare tubes without the thermal sleeves. The short length of the tubes, from 
2 (0.0508 m) to 8 (0.203 m) inches long, made it impossible to achieve the 
desired mechanical configuration of curved tubes in a sector arrangement. To 
increase the tube length, sleeves were added. The next design refinement 
included asymmetric banks as previously discussed in the air-methane section. 

The calculated performance of the air-hydrogen heat exchanger is shown 
in Table XIII. 
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Tabl,e XII. A.i r- to-Hydroagen Heat Exchanger Mechanical Design. 


Type - One-Pass Air, Two-Pass Hydrogen, CO Flow 

Overall Core Dimensions - 1,5 in. (3.81 cm) x 13 in. (33 cm) 

x 12 in. (30.5 cm) 

Estimated Weight (without facility piping): 

Core 30.5 lb (13.8 kg) 

Shell 31.7 lb (14.4 kg) 

Total 62.2 lb (28.2 kg) 

Hydrogen Side 

No. of Tubes - 235 

Tube Size - 0.188-in. (0.478 cm) Dia x 0.016-in. (0.0406 cm) Wall 
x 12.6-in. (32 cm) Long 

Arrangement - Triangular Array, P/D = 1.25 

Pressure - 400 psia (2.76 x 10^ N/m^) 

Temperature Range - -420° F (22.2° K) to -200° F (144.5° K) 

Tube Insert - 0.136-in. (0.345 cm) OD x 0.008-in. (0.020 cm) Wall 
(0.009 in., 0,0228 cm Gap) 

Air Side 

Pressure - 150 psia (1,033 x 10^ N/m^) 

Temperature Range - 950° F (784° K) to 115° F (319° K) 

Core Pressure Drop - 15 psi (1.033 x 10 5 N/m^) 

Design Features 

(1) Annular Configuration 

(2) Floating Core 

(3) Curved Tube to Accommodate Large Differential Expansion 

(4) Flow Baffles at Core/Shell Boundary 

(5) Asymmetric Core 
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Table XIII* Air-Hydrogen Unit* Calculated Performance of Present A symmetric -Bank 
Design with Sleeves (12 Mil Gap) 



Engine* 

Start** 

Ground 

Idle 

Takeoff 

Cruise 

Altitude 

Idle** 

Hydrogen 






Inlet Temp, ° F 

-410 

-410 

-420 

-415 

-400 

r k ) 

(27.8) 

(27.8) 

(22.2) 

(25.0) 

(33.3) 

Outlet Temp, ° F 

-130 

-263 

-298 

-248 

-93 

(° K) 

(183) 

(109.5) 

(09.2) 

(118) 

(204) 

Flow, lbs/sec, 
( Kg/Sec) 

0.029 

0.06 

0.3 

0.135 

0.03 

(0.0132) 

(0.0272) 

(0.136) 

(0.0613) 

(0.0136) 

Air 






Inlet Temp, ° F 

315 

600 

960 

810 

400 

r k ) 

(431) 

(590) 

(790) 

(707) 

(478) 

Inlet Pressure, psi 
(N/m*) 

_ 

150 6 

150 

150 

150 

- 

(1.034 x 10°) 

(1.034 x 10°) 

(1.034 x 10°) 

(1.034 x 10°) 

Outlet Temp, 0 F 

-33 

75 

494 

110 

16 

(° K) 

(237) 

(297) 

(530) 

(317) 

(265) 

Flow, lbs/sec. 

0.35 

0.72 

1.2 

0.48 

0.36 

(Kg/Sec) 

(0.159) 

(0.327) 

(0.545) 

(0.218) 

(0.163) 


* Engine Start Condition Received 11/10/70. 


** Fuel Bypassing Can be Used to Correct Air Enthalpy Problem During Engine Start and Altitude Idle, 















Bypass and Restrictor Valves - Methane Heat Exchanger 


Standard commercial cyrogenic gas valves were procured with appropriate 
electro-pneumatic controls and plumbed into the fuel conditioning package to 
accomplish upstream restriction and bypass of the fuel side of each of the 
methane heat exchangers. Valves ROV-5, ROV-6, ROV-7 and ROV-8 of the fuel 
conditioning package are of a single model series, Masoneilan series 35000, 
Pneumatic positioners provided with these valves are Masoneilon series 7600. 
Pneumatic control logic solenoid valves were provided for safety logic interface 
with the system mode control panel. These solenoid valves are ASC0 //8302A58 
valves . 

Valves ROV-6 and ROV-8 were equipped with electrical-to-pneumatic signal 
transducers of the Fisher Governor type 546/67FR. These transducers are 
signalled by the air-to-fuel heat source control system to effect automatic 
fuel bypass for use in controlling heater fluid exit temperature of the heat^ 
exchangers. These transducers are 3 to 15 psi (2.07 x 10^ to 1.07 x 10^ N/m ) 
output with 1 to 5 milliarap input and utilize a 2500 ohm coil. 

Air signals for ROV-5 and ROV-7 were to be customer provided. Any^standard 
panel loader or EP transducer with 3 to 15 psi (2.07 x 10^ to 1.07 x 10 N/m^) 

output may be used to manually effect remote control of these valves. All 
valves were equipped with air pressure filter-regulators which are Masoneilan 
No. 77-4. 

Bypass and Restrictor Valves - Hydrogen Heat Exchanger 

Values R0V-5B and ROV-6B for the hydrogen configuration of the fuel condi- 
tioning package were provided in a single model series, Masoneilan series 
20,000. These valves were selected to obtain actuator shaft sealing capable 
of operation at liquid hydrogen temperatures . The electrical-to-pneumatic 
signal transducer used for ROV-6 in the methane configuration was also used 
to control R0V-6B for hydrogen. A customer panel loader of 3 to 15 psi 
(2.07 x 10^ to 1.07 x 105 N/m^) output must be provided to control ROV- 
5B. 


Fuel Pressure Relief Valves 


Two fuel pressure relief valves were provided for the methane fuel condi- 
tioning package. These are Consolidated model #1975 valves. Relief settings 
at 1160 psig (8 x 10^ N/rn^) were used to protect the heat exchanger. Relief 
flow was intended to be routed to the system vent stack. 

The hydrogen fuel system package was provided with a single Anders on- Green- 
wood model 81S88-3 relief vglve to protect the heat exchanger. A relief setting 
of 550 psig (3.79 x 10^ N/m ) was used. 
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Heat Exchanger Exhaust Airflow Control Valve 

Airflow control valve ROV-4 was physically mounted with the fuel con- 
ditioning package at the air heat exchanger exhaust. Functionally the valve 
acts as a component of the air-to-fuel heat source and control subsystem. 

The valve body provided is a Fisher Controls model series ES. The valve 
was equipped with a type 476U actuator, a type 3570 valve positioner, and a 
type 546 E-P transducer. A type 3550 electronic valve stem position indicator 
was also included. The E-P transducer for ROV-4 is signalled from the air 
control system electrical panel for automatic heat exchanger airflow control. 

FUEL METERING AND PRESSURE REGULATING PACKAGE 


The Fuel Metering and Pressure Regulating Valve Package is depicted in the 
lower right foreground of Figure 20. Components contained in this package 
include : 

Pressure Regulating Valve (PRV) 

Metering Valve 

Pg Pressure Sensor 

Tg Temperature Detector 

Engine Fuel Shutoff Valve (ROV-2A) 

System Vent Valve (ROV-2B) 

This package interconnects the heat exchanger exit fuel with the engine 
manifold and system vent stack. 

Pressure Regulating and Metering Valves & Sensors 

The Pressure Regulating and Metering Valve assembly cross section is shown 
on layout 4013094-539. These valves were designed and assembled by the contractor 
from purchased piece parts. 

The configuration of the valves is a rotary slide valve. Instead of nozzles, 
there is a valve plate with two shaped ports. A rotating member, with ceramic 
pads, is spring and pressure loaded against the flat surface on the valve 
plate. As these pads rotate, port opening varies. 

The valve plate has a wear resistance surface coating applied by Malcora- 
izing (nitriding) . The valve plate also has a vented groove around the port 
which reduces the bearing area sensing the pressure drop. Logarithmic ports 
are provided with relief on the back side. 

Referring to Drawing 4013094-539, the rotating member is driven by a 
rotary actuator through a shaft and bellows coupling. The bellows coupling is 
attached to the shaft by means of an adapter which is keyed and clamped to a 
taper. The bellows coupling is large in diameter to provide a high torsional 
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spring rate. The windup for 30 in- lbs (3.39 N-m) torque is calculated to 
be 2.4 minutes. The bellows coupling allows axial shaft motion relative 
to the rotating member which will occur because of expected temperature 
differences in the parts involved. The shaft is supported at the valve 
end by a carbon journal bearing. This bearing also acts as a clearance 
seal which will reduce fuel circulation along the shaft. A carbon radial 
bearing with large clearance is provided between the rotating member and 
the shaft. The bellows coupling is rigid in shear so it will position the 
rotating member normally. The general scheme is to avoid metal-to<-metal 
rubbing at the valve end of the assembly. 

The rotary actuator shown is a catalog item with minor modifications for 
adjustable stops and the position transducer (LVDT). The actuator has a 
hollow shaft which allows mounting it to the valve shaft. The joint at this 
end of the shaft is an axial clamp for zero backlash plus a key for redundancy. 
Brackets prevent relative rotation between the actuator and valve housing. The 
rotary shaft seals are near the actuator where temperatures will be moderate. 

The seals are of filled Teflon with a metallic expanding spring. These seals 
have a temperature range of -423° (20.6° K) to +500° F (533° K) . Two seals 
with a vent between them are provided. 

The servo valve is mounted to the actuator by means of a machined manifold. 
This manifold provides porting for all the hydraulic interconnect ins. The 
servo valves have a mechanical bias which will drive the vapor control or 
pressure regulating valves closed when no electrical signal exists. This servo 
valve is a standard ABEX model 410. 

The linear variable differential transformer was procured from G.L . Collins 
Corporation under GE Drawing HCD-1008. The temperature sensors (Tg) are 
Rosemount model 150 MA (H 2 ) and model 177MA (CH 4 ) . Both pressure and temper- 
ature are sensed upstream of the metering ports. The pressure sensors (Pg) 
utilized were Statham model PA-822. 

The two valves operate on both fuels, requiring only changes in sensors 
and stop settings for conversion. Refer to Figure 27 for calibration and stop 
settings of the metering valve. 

Engine Fuel Shutoff and Vent Valves 

The shutoff and vent valves, R0V-2A and R0V-2B, are Masoneilan series 
20000 valves. The solenoid logic valves which control shutoff and venting are 
ASCO #8302 A58 valves. Valve positions are controlled electrically from 
the system mode control panel. 

ENGINE ELECTRICAL CONTROL 


The engine electrical control package provided consists of an Electrical 
Control breadboard panel and a Power Lever package. A photographic view of 
the electrical control panel and power lever package is shown in Figure 28. 
These circuits and devices were designed and assembled by the contractor from 
purchased piece parts. 
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Figure 27. Metering Valve Calibration Curve 
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Figure 28. Electronic Control Computer Breadboard and Power Lever Quadrant 








Circuit Functional Description 


Circuit functions are described in reference to schematic CED 29000, 

Speed Governing Loop 

Governor speed request signals are provided to the loop by the Power Lever 
Transducer position. The power lever package also contains a shutdown switch 
which is interlocked with the Mode Control Panel logic to shut off engine 
fuel and vent the system (through R0V-2A and 2B) whenever the power lever is 
below 10° angle. 

A circuit board contains shaping circuits for the power lever speed 
request schedule, signal selectors for acceleration and deceleration limit 
signals, the fuel flow rate loop integrater - amplifier, a manual- automatic 
signal selector, and the fuel flow position loop driver amplifier. Output 
current of the driver amplifier signals the metering valve torque motor. 

Torque motor current in the electrohydraulic servo valve ports hydraulic 
flow to the metering valve actuator, and the signal is integrated hydraulically 
to move the metering valve position. 

Governor speed feedback signals are generated by the standard J85 Control 
Alternator, One half of a circuit board serves as a frequency- to-DC converter 
for the Ng speed signal. The output serves as speed feedback to the governor 
error amplifier. 

Metering valve actuator position is sensed by the Wf LVDT. The alternating 
output signal of the LVDT is demodulated and the DC output signal, which 
is proportional to the log of metering valve area, is sent to the fuel temperature 
compensation circuit board, A function log Wf/A vs Tf is generated using 
the Wf RTD output as the measure of metering valve fuel temperature. The 
function output log Wf/A is added to log A to yield an output which is propor- 
tional to log W f . The log Wf signal is input to an anti-log generator such that 
the resulting output signal becomes the analog of Wf. The Wf output voltage 
is used as feedback to close the metering valve position loop and also as 
input to the fuel flow rate feedback network. 

In addition, the computed fuel flow signal is used as input to generate 
acceleration and deceleration limits on fuel flow rate and is read out for 
display . 

Acceleration-Deceleration Limits 


The acceleration control mode used in the control is such that W^/W^ - 
f (N ) . The fixed function is generated using Ng output signal from the 
governor feedback. The Wf signal is also multiplied by the function output 
Wf/Wf to yield a limit signal voltage proportional to This acceleration 
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selector* The acceleration limit signal is scaled and inverted to provide 
a deceleration limit voltage such that decel equals - K x W accel. The 
deceleration limit signal is applied to the appropriate selector to compare 
with governor speed error. These limit signals are also used as input to 
a logic circuit to provide permission logic for the exhaust area control system. 

Overspeed - Qvertemperature Protection 

One circuit board provides overspeed and overtemperature protection for 
the engine. The standard J85 thermocouple harness output is provided to the 
circuit. The circuit amplifies the T 5 temperature signal and compares the 
amplified signal to an adjustable temperature limit reference voltage. When 
limit temperature is exceeded, a relay driver stage is triggered, which 
switches the engine shutoff and vent valves (R0V-2A & 2B) and shuts off fuel 
pump hydraulic power. 

The circuit also senses an engine overspeed signal obtained from a magnetic 
pickup tachometer package provided by NASA. The signal is converted to DC 
and applied to the relay driver stage. When the speed level exceeds the over- 
speed reference voltage, the relay is energized and shutdown occurs. The 
converted speed output is also compared to the Ng speed output. If the two 
tachometer signals do not agree within preselected limits, a comparator 
energizes a relay which lights a tach failure indicator light on the front 
panel. 

The circuit also contains a temperature reference adjustment for manual- 
automatic switching of fuel valve control. When T 5 exceeds a preselected value, 
the temperature error is amplified and sent to the governor circuit energizing 
a relay. The relay then unclamps the governor integrator amplifier and 
switches out the manual reference ajustment input to the fuel valve position 
loop which is used to set starting fuel flow. The relay also provides an 
engine light logic to the Safety and Mode Controller. 

Exhaust Area Control Signals 

Exhaust area control signals and processing are provided for a NASA electro- 
hydraulic exhaust area actuation system for the J85 engine. The engine T^ e 
temperature signal is compared to a fixed T 5 e reference voltage to generate 
a T 5 e temperature error signal for exhaust area control. Lead compensation is 
applied to the error signal, and the error is integrated and applied to a limit 
selector. The Tc error is selected whenever the error is positive and larger 
than the Ag e position command voltage at the selector. The selector output 
is buffered and provided to the NASA electrohydraulic control. 

The circuit also contains the logic circuitry required for the exhaust 
area control. Governor speed error is applied as input to two comparators. 

The acceleration and deceleration limit signal voltages are also applied to 
these comparators. Whenever speed errui Leaches a value such that the acceler- 
ation or deceleration limit is selected in the governor, the comparators fire 
a driver amplifier which energizes a relay. The relay then selects the output 
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of an Ag e position command which is scheduled as a function of engine speed 
signal* 

When the engine is operating in the steady-state speed condition with 
small governor speed error, the Ag e position command selected is a function 
of the power lever position voltage. The position command schedule selected 
by the relay is applied to a signal selector circuit. Thus, when the engine is 
undergoing a speed transient, Ag e is scheduled from engine speed, and when 
the engine is operating steady-state, Ag e is scheduled by power lever* Either 
schedule can be overridden by T 5 error to open the exhaust nozzle in event 
of over temper at ur e conditions. This circuit was not used during the contractor 
test demonstrations for the J85 engine. 

Fuel Pump Control Circuit 

The fuel pump is operated as a variable-speed, variable-delivery, pressure 
regulated flow source. Pump discharge fuel pressure is sensed by the PI 
pressure transducer and the output signal is amplified. A variable pressure 
reference ajustment is also provided and is compared with the sensed discharge 
pressure signal to generate a pressure error signal. The error signal is 
amplified, applied to limit selectors, and integrated to generate a torque motor 
driver current to the electrohydraulic servo valve mounted on the fuel pump 
hydraulic motor. The integrated pressure error signal modulates serve valve 
current and hydraulic flow to vary pump speed and delivery to satisfy the 
pump pressure reference. The torque motor driver current can be interrupted 
by permission relay contacts in the Mode Control and by overspeed-overtemperature 
action. 

The fuel pump pressure servo action is bounded by limits on fuel pump 
speed and delivery which are established in relation to the system fuel valve 
fuel flow signal. Pump speed is sensed by an electromagnetic speed pickup 
which senses rotation of a gear attached to the pump motor hydraulic 
sequencing valve. The pump speed sensor signal is demodulated and converted 
to a DC voltage and is then applied to a function generator circuit. The 
function generator circuit generates an analog output of fuel pump delivery as a 
function of sensed pump speed, based on prior delivery calibration of the pump. 
The fuel valve fuel flow voltage is applied as input to two comparators, and 
the comparator outputs are fed to the positive and negative selectors which 
pass pump pressure servo error. When the fuel pump delivery violates a pre- 
established limit ratio with fuel valve flow, the comparators apply suitable 
voltages to the limit selectors to deselect pressure error and cause the pump 
speed to be limited to upper and lower bounds in relation to fuel valve flow. 

Pressure Regulator Valve Control Circuit 

The electrohydraullcally operated fuel pressure regulating valve immediately 
upstream of the system flow metering valve serves to regulate metering valve 
entrance pressure to a constant value and provides the throttling required 
to reduce from pump discharge pressure level to metering valve entrance 
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pressure. Metering valve entrance pressure is sensed by the fy transducer. 

The sensor output is demodulated and compared to an aj us table pressure refer- 
ence voltage. The pressure error signal is amplified and generates a driver 
current for the Pp torque^motor in the electrohydraulic servo valve which 
controls the fuel pressure regulating valve. The error signal is integrated 
hydraulically in the fuel valve actuator, which positions valve area to satisfy 
the electrical pressure reference. 

Engine and System Operation 

Engine fuel shutoff and venting can always be achieved by retarding the 
Power Lever Quadrant to 0° angle. The power lever switch which opens below 
10° PLA is interlocked with the Mode Control Panel to prevent engine fuel 
admission through the action of R0V-2A and 2B. 

The engine starting and ignition sequence is controlled primarily by 
the Mode Control Panel. The only settings required at the Electrical Control 
during starting procedure are to preselect the Manual W f pot setting for 
start fuel level and to place the power lever angle at 15° - 18° for idle 
speed request. The control automatically accelerates the engine from light- 
off to idle speed during the start. 

Any part speed or maximum speed power lever setting called for in the 
test plan can be set as rapidly as desired. The control automatically con- 
trols acceleration transients and steady-state governing. Automatic shutdown 
for overspeed and over temperature is also provided, 

HYDRAULIC SUPPLY 


The hydraulic power supply equipment purchased for the system consists 
of the following components: 

• Engine- driven , high pressure hydraulic pump 

• High pressure relief valve 

• Return pressure regulating valve 

• Boost conditioning cart 

These items were purchased from vendors and plumbed into the system at the 
point of test set up. The system utilizes MIL-H-5606 hydraulic oil. 

Engine-Driven High Pressure Hydraulic Pump 

An Abex model AP6VSC-16 Airborne Hydraulic Pump was procured for the 
engine-driven high pressure supply. The pump was mounted on the overspeed 
governor pad of the J85 engine gearbox which turns at 7088 rpm (743 rad/sec) 
fnr 100% engine speed. The pump is pressure compensated and a setting of 
3000 psig (2.07 x 10? N/m 2 ) was selected. The compensator stroke was 
adjusted to permit 27 gpm (17 n 10“^ m^/sec) delivery at the selected speed 
and pressure. 
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High Pressure Relief Valve 


A Rexroth model DBDS10EA 4500/5 high pressure relief valve was procured 
to protect the control system against overpressure. The relief valve was 
installed between the engine pump high pressure discharge line and the case 
drain line. A relief pressure setting of 3200 psig (2.21 x 10 7 N/m 2 ) was 
selected. 

Return Pressure Regulating Valve 

A Republic relief valve model 628XB was provided in series with the 
hydraulic system return flow to the reservoir for the purpose of regulating 
system back pressure to the control servos. A 90 psig (6.2 x 10^ N/m 2 ) relief 
setting was selected for the regulated level. 

Boost Conditioning Cart 

An off-engine oil boost conditioning cart of standard industrial type 
was procured to provide inlet pressure boost, oil cooling, and a supply 
reservoir for the engine-driven hydraulic pump. The boost cart was procured 
from PABCO Fluid Power Company to General Electric Specification W-11277-29. 

The cart consists of a 60 gallon (0.227 m ) standard reservoir, a 
motor-driven boost pump providing 25 gpm (15.75 x 10“^ m 3 /sec) flow at 
75 to 150 psid (0.517 to 1.034 x 106 N/m 2 ) boost level, and a water-cooled 
return flow heat exchanger sized to dissipate heat rate equivalent to 36 
HP (2.68 x 10 W) . Filtration and electrical service connections were also 
provided on the cart. 

AIR HEATER SUBSYSTEM 


An air supply heating and control subsystem was designed and fabricated 
as planned in concept studies for supply of hot air to the air-to-fuel heat 
exchangers. The heater subsystem was designed to accept facility input air 
at ambient temperature and 150 psig (1.034 x 10 6 N/m 2 ) pressure and to handle 
flow rates up to 3 pps (1.36 Kg/sec). The system automatically controls heat 
exchanger airflow rate, entrance pressure, and entrance temperature. The 
system includes: 1) an air heater combustor, valving, and piping assembly, 

2) at set of electrical control panels. The pneumatic and electrical equip- 
ment was designed and assembled by the contractor from procured industrial 
standard piece parts. 

Air Heater 


The arrangement of the air heater and control equipment is shown by drawing 
4013157-233. The air heater and valving is depicted by Figure 29. Entrance air 
to the system is throttled by valve ROV-3 and associated electropneumatic controls 
to establish heat exchanger entrance pressure and combustor pressure level. Dual 
fuel control valves ROV-10 and R0V-11, with associated electropneumatic controls, 
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Figure 29. Air Heater and Control Equipment 


meter gaseous hydrogen to the burner injector from a pressure regulated bottle- 
gas source. The fuel valves are automatically modulated to regulate burner 
exit temperature or heat exchanger entrance temperature. Airflow of the system 
is set by modulation of the area of valve ROV-4 mounted in the fuel conditioning 
package at the heat exchanger air exhaust. A 28V DC ignition unit similar to 
engine equipment was provided for lighting the burner. The required temperature 
and pressure sensors for control loop feedback were also provided with the 
equipment. 

Electrical Control Panel 


Electrical control panels and circuits for computation and control 
of air system parameters were designed and fabricated from procured industrial 
electronic components. The panels provided accomplish the control and compu- 
tation functions depicted schematically by drawing 4013157-233. 


Heat exchanger A and B heater fluid discharge temperatures (T 19 and T 14 ) 
are controlled by means of fuel bypass valves R0V-8 and R0V-6 which are operated 
by means of set-point controllers with direct temperature feedback. The 
temperature demand is set manually from the controller set point. Air inlet 
temperature (T^ 3 ) to heat exchanger B is controlled by burner gas valves 
ROV-10 and ROV- 11 . These valves are operated by the T 13 controller with direct 
temperature feedback. The T ^ 3 demand or set point is generated by the Mode 
Select circuit and is a function of engine fuel flow. An option is provided 
whereby "local" or "manual" set point operation can be used. Heat exchanger 
B discharge pressure is controlled by valve ROV-3 which is operated by the P 
controller with direct pressure feedback. The P 14 demand is generated by 14 
the Mode Select circuit and is a function of fuel flow. An option is provided 
whereby "manual" set point operation can be used. Heat Exchanger B airflow is 
controlled in the following manner: 


The minimum value of is about 30 psia (2.07 x 10 5 N/m 2 ) and, therefore, 
critical flow conditions always exist through valve ROV-4. If the valve flow 
coefficient (Cg) is known, airflow can be calculated by the formula: 


c p i/ 

W = g. - 1 - 4 . 

14 k /r — 
K T 14 


(28) 


Values of Cg versus percent stroke are published by the valve manufacturer 
accurate to within 1%. Therefore, a known value of Cg can be set by setting 
valve stroke. A required value of Cg is determined by analog computer 
solution of the following equation: 


C 

g 


K W, 




14d 


(29) 
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where: 


is airflow demand (from Mode Select) 
is pressure demand (from Mode Select) 
K is a constant 


Substituting Equation (28) into Equation (29) yields: 


W 


14 




(30) 


As the Pi 4 controller acts to make P 14 equal to P 14d , actual airflow (W 1 4 ) 
will be equal to demand airflow (Wd>. The actual value of Cg is derived 
from the demand value of Cg by means of a function generator which positions 
the valve so that the required value of Cg results. 


The demand signals, Pl 3 d> ^14d» an< * ^d are adjustable linear functions 
of engine fuel flow. Two sets of three line generators are provided to 
furnish these functions. Each line generator has a zero and a slope adjustment 
associated with it, located in the Mode Selector circuit. The zero intercept 
and slope of a line between two moded points is determined by manual programming 
and mode selection so that the air parameter demand variables are varied in 
response to engine fuel flow automatically. Sequential switching from one 
set of schedules to another may be accomplished during engine test by setting 
engine fuel flow to a value corresponding to the intersection of two schedules 
dialed on the mode selection panel. 


OIL HEATER SUBSYSTEM 


An oil heat supply source for heat input to Heat Exchanger A of the 
methane fuel system was designed and procured. The system consists of an 
electrically powered oil heating and recirculating cart coupled with associated 
flow controls and piping to interconnect with Heat Exchanger A in the fuel 
conditioning package. The heat source system is depicted schematically by 
drawing 4013156-300. The package utilizes SF8150 (dimethyl polysiloxane) 
oil as the heater fluid. 

The basic oil heating and recirculating cart was procured as a vendor 
package to GE Specification W11277-2. A Youngs t own-Mi Her model HT60-IERS 
cart was selected. The unit employs 60kw electrical power in strip-heater 
columns to heat recirculated oil pumped through a relief system. External 
flow to Heat Exchanger A is throttled by a manually set remote flow control 
valve, and return oil from Heat Exchanger A joins the recirculation return 
to the heater columns. The system provides oil flow up to 0.325 pps (0.147 
Kg/sec) at temperatures ranging from 200 to 500° F (367 to 533° K) and pressures 
up to 100 psig (6.39 x 10 N/m^) at the entrance to Heat Exchanger A. Rupture 
discs were provided in the oil piping circuit to protect the heat exchanger 
shell from overpressure. 
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SAFETY AND MODE CONTROL PANEL 


An electrical safety and mode control panel was designed and constructed 
from procured piece parts to provide supervisory logic for overall system 
operation. The control panel is arranged schematically as shown by drawing 
4013157-231. The control permits orderly selection of the system operating 
inodes listed in Table I. 

J85 ENGINE MODIFICAT IONS 


A J85-13 engine, serial number 230-023, was obtained by NASA on bailment 
from US Air Force and made available to the contractor for use in engine test 
demonstrations of the hydrogen-methane fuel system. Reassembly and modifica- 
tion of the engine required to accommodate the planned system test was 
performed by the contractor. 

Engine modifications were required in these areas : (1) fuel manifolds 

and injectors to accommodate gaseous fuel, (2) mounting of a NASA- furnished 
overspeed tachometer, (3) mounting of input equipment to operate the exhaust 
area control as a two-position area control, (4) modification of the JP-4 
main fuel control system to allow normal operation of the engine compressor 
variable geometry. 

Engine Fuel Injectors and Manifold 

The fuel injectors for the methane configuration of the engine were 
furnished by NASA. Figure 30 illustrates the injector provided and the 
manner of providing retention safety for the screw-on nozzle tips. This 
injector configuration had been selected by NASA based upon comparative 
combustion test rig results conducted under Phase IV of the contract. 


The fuel injector selected for the hydrogen configuration utilized a 
nozzle tip design which had previously been used successfully by the contractor 
to operate a J85-5 engine on gaseous hydrogen. Spare injector tubes provided 
by NASA for the Phase IV combustor tests of candidate methane injectors were 
modified to install the hydrogen nozzle tips. Figure 31 illustrates the 
modification performed to construct the hydrogen injectors. 

The gaseous fuel manifold selected for the engine was a production fuel 
manifold designed for the LM350 industrial engine which has a J85 core. An 
evaluation of the flow distribution effects of the manifold was conducted 
p * lor asseral ? 1 y b y observing water flow spouting head distribution. From 
these observations, flow balancing orifices consisting of drilled Voi-Shan 
inserts located at the manifold B-rut flare connection to the pigtails 
were selected. 

NASA Overspeed Tachometer 

NASA provided a tachometer package which had been used at NASA-Lewis for 
engine test operation. The tachometer assembly was made to NASA drawing 
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( 5 ) Washer, Key- Tab, SAE W-01 
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Figure 30. 


Methane Fuel Injector. 




CF641391 and consisted of a shaft - driven gear exciting an electromagnetic speed 
pickup. This tachometer package was mounted on the J85 gearbox PTO pad, 
and the signal was used for overspeed protection in the engine electrical 
control system. 

Slave Exhaust Area Control 


It was originally planned that an electrohydraulic slave exhaust area 
control for the engine would be provided at NASA-Lewis , and appropriate logic 
and exhaust temperature control circuits to interface with the NASA control 
were provided in the Engine Electrical Control. When the contract was modified 
to include J85 engine running at the Contractor's facility rather than at 
NASA— Lewis , an alternate means of effecting exhaust area control was needed. 

It was decided that the standard J85- 13 mechanical exhaust control 
servo and actuation would be employed to effect exhaust area variation. A 
means of interfacing with the mechanical servo input link to establish nozzle 
position commands was provided by mounting a 28V DC electromechanical gear 
motor, with appropriate brackets, supported on the afterburner fuel pump pad 
of the J85 gearbox. A relay logic circuit was constructed to control 28V power 
to the gearmotor as shown by Figure 32. Engine speed and power lever intelligence 
available in the Engine Electrical Control were used to establish two-position 
exhaust area logic as shown in the diagram. Slew rate of the exhaust area 
servo was adjusted by variation of the DC voltage supply level to the gearmotor. 
End point exhaust areas for the two-position mode of control were 
established by adjustment of the motor limit switches and by mechanical 
rigging of the screwjack output of the mechanical servo. A slew time of 2 - 

4 seconds from idle exhaust area to military exhaust area was intended for the 
system. 

Compressor Variable Geometry Control 

Compressor inlet guide vane and 8th stage bleed valve actuation for the 
^ are normally controlled by the standard main fuel control as a function 
of compressor corrected speed. For this purpose, the standard JF-4 main fuel 
supply and control were retained on the engine with the JP-4 operated in 
a recirculated mode. Figure 33 illustrates the repiping of the JP-4 main 
fuel system used to maintain normal operation of the compressor variable 
geometry. The augmentor fuel supply and controls were removed from the engine 
as was the hydromechanical overspeed governor. 
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TESTING AND RESULTS 


FUEL PUMP COMPONENT TEST 


As part of the procurement program for design and delivery of the Cosmodyne 
Variflow Fuel Pump, component performance tests were conducted by the vendor* 
Liquid nitrogen was used as the cryogenic fluid for testing delivery performance 
in both the methane and hydrogen stroke configurations. The hydraulic motor 
section was operated on MIL-H-5606 oil per design intent from a high pressure 
hydraulic supply cart * All pump performance conducted by the vendor was done 
with the system subcooler operational * 

During initial calibration attempts of the Variflow pump, seizure of the 
hydraulic timing valve occurred on several occasions. Following one such seizure, 
a fracture of the nutating plate occurred. A redesign of the hydraulic motor 
feedback drive train and hydraulic sequence valve was undertaken to improve the 
capability of the feedback mechanism to withstand maximum cyclic loads imposed by 
piston pressure imbalance. The feedback design shown in Drawing 2311401 resulted. 

Subsequent checkout testing of the redesigned pump was satisfactory and 
no further failures occurred. The cryogenic performance calibration shown in 
Figure 34 was obtained for the methane stroke configuration, and the hydraulic 
calibration is shown in Figure 35. 

For the hydrogen stroke configuration, the delivery performance shown in 
Figure 36 was obtained with the corresponding hydraulic calibration shown in 
Figure 37. As a result of these tests, the performance ratings of the two 
configurations were established as follows: 

100% LCH 4 - 12.0 gpm (7.56 x 10”^ M^/sec) delivery at 1430 rpm (150 rad/sec) 

and 900 psid (6.21 x 10^ N/M 2 ) head rise. 

100% LH 2 - 27.0 gpm (17 x 10"^ M^/sec) delivery at 1600 rpm (167.5 rad/sec) 

and 400 psid (2.76 x 10 6 N/M 2 ) 

Following the calibration performance tests, an additional 10 hours of endurance 
running was performed in the methane stroke configuration at various speeds and 
pressure rises to gain some assurance of an acceptable redesign in the 
hydraulic motor section. 

Selection of the Variflow piston pumping element resulted from earlier 
unsuccessful attempts to demonstrate LH 2 pumping with a close-clearance vane 
pump design provided by Pesco. Recirculation leakages to inlet of the vane 
element limited LH 2 head rise to 260 psid (1.79 x 10 6 N/M 2 ), and the volumetric 
efficiency obtained was inadequate for a 20/1 variable speed turndown. 
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Figure 36. Cosmodyne Hydrogen Fuel Pump Cryogenic Performance Calibration with Liquid Nitrogen. 
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Figure 37. Cosmodyne Hydrogen Fuel Pump Hydraulic Performance Calibration with 
Liquid Nitrogen. 
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METHANE INJECTOR COMBUSTION TESTS 


Phase IV of the contract program was established to provide combustor rig 
testing of several candidate methane fuel injectors provided by NASA. Six 
candidate configurations were subjected to ignition tests in a J85 combustor. 

The configuration selected by NASA for use in engine build displayed superior 
ignition characteristics in terms of heat rise available at light-off conditions 
and combustion efficiency. Performance mapping of the injector which showed 
superior ignition characteristics was completed at simulated ground idle, takeoff, 
cruise, and flight idle descent conditions. Performance of this injector 
appeared suitable for engine use with methane or natural gas fuel. Data from 
this test phase were forwarded to NASA in accordance with the contract amendment. 

FUEL METERING AIRFLOW TESTS 

Component checkout tests of the fuel metering and pressure regulating valves 
in conjunction with the associated control circuits of the Engine Electrical 
Control were performed after fabrication and assembly of these devices. Shop 
air was supplied to the valves as the flowing medium, while hydraulic servos 
were supplied from a facility hydraulic source. Stable and responsive control 
of the valves was established, and calibration of the metering valve electrical 
position readout was made in comparison to a dial indicator reading of valve 
positions. Airflow measurements through the valves were made with a calibration 
orifice at various metering valve area settings. Metering valve area calculated 
from measured airflow was compared to theoretical valve area as a function 
of valve position as shown in Figure 38. The theoretical and measured areas 
were in agreement at all stroke settings within +3%, which is within the airflow 
measurement accuracy. 

SYSTEM AND ENGINE TESTS 


The approach to testing of the system and J85 engine using cryogenic 
fuels was to assemble all system equipment including the engine into a single 
test setup which permitted the choice of operating the fuel system alone using 
a vent stack discharge or of operating the entire system including the engine. 
All component, system, and engine checkout and problem solving using these 
fuels was thus accomplished in a single test assembly for each fuel. 

Test Installation 


The test system was installed on an outdoor test pad. Electrical control 
panels used in the system were rack-mounted in the control room of the test 
cell and electrical cable connections were run for approximately 425 ft. (129.6 M) 
to electrical interface devices located on the outdoor pad. A schematic of the 
major test equipment interconnections and services supplied for the methane 
system configuration is shown in Figure 39. The comparable schematic for the 
hydrogen system configuration is shown in Figure 40. NASA provided the transport 
trailers used for fuel storage for both fuels. A photographic view of the engine 
and test equipment installation for the methane system configuration is shown in 
Figure 41. 
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Figure 38, Fuel Metering Aiflow Calibration Test Results, 
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Schematic Diagram of Methane Fuel System 















Figure 41. Engine and Test Equipment Installation for Methane Fuel System. 


The contract was amended during the program to provide for sampling and 
measurement of J85 engine exhaust gas emission constituents. Sampling rakes 
were installed on the engine at the turbine discharge, and the gas sampling 
and measurement equipment shown in Figure 42 was installed for the methane 
system configuration. For the hydrogen system configuration, the gas sampling 
and analysis setup shown in Figure 43 was installed for measurement of N0 X 
concentrations . 

Instrumentation 


Instrumentation required for customer data recording was provided as listed 
in Table XIV for the methane system and as listed in Table XV for the hydrogen 
system. In addition, steady-state panel displays of the Engine Electrical Control 
and Air Mode Programmer panels were monitored, as was basic engine safety 
instrumentation. Transient data were recorded on Sanborn chart recorders as 
coded in Tables XIV and XV. 

Test Procedure 

System check-out and testing were planned in six procedural increments which 
progressed from trial check-out of controls and facility equipment through en- 
gine and system acceptance demonstrations on both fuels. The methane configur- 
ation of the system was assembled first, followed by conversion to the hydrogen 
configuration. Detailed charts of test steps and control settings were prepared 
for each procedural phase. The sequence of test procedural phases was as follows: 

• Air Heater Hot Check-out 

• No Fuel Check-out 

• LNG Flow and Thermal Calibration 

• LNG System Transient and Steady- State Acceptance (Engine Run) 

• LH 2 Flow and Thermal Calibration 

• LH 2 System Transient and Steady- State Acceptance (Engine Run) 

Modifications to the engine test procedures were planned at appropriate 
points to insert steady-state engine speed settings for exhaust emissions data. 
Emissions data were planned for 50, 75, 85, 95, and 100% engine speed settings. 

TEST RESULTS 


System tests were performed generally in the chronological order planned 
for the detailed test procedure steps. Some of the procedure phases were 
repeated at various times because of problems encountered with the system or 
components . 
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Figure 42. Schematic Diagram of Methane Fueled J85 Engine Exhaust Gas Sampling System. 
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Figure 43. Schematic Diagram of Hydrogen Fueled J85 Engine Exhaust Gas Sampling System. 






Table XIV* NASA Instrument Plan, CH^ Fuel, Steady State and Transient* 

wv**. . *vapor buiu 

1 - ADR - NASA 

2 - S.S. Disploy - NASA 

3 - Transient Recorder - NASA 

4 - S,S. - GE 


Symbol 

System Parameter 

Ran^e It 
Units 

Acqjis: : tbn Location 

Sensor Interface Description 

Sensor 

Type 

Sensor 

Source 

C£ 

Designer 

Est , 

Accuracy 

Display 

Code 

*o 

Sub-Cooler Inlet Static Pressure 

15-70 psla 

Sub-Cooler Inlet Bayonet 

Probe - 1/4" AN Male 

DAMPR 

NASA 

Da vi 5 

+0.1* 

1 

Pq 

Sub-Cooler Inlet Static Pressure 

15-70 psto 

Sub-Cooler Inlet Bayonet 

FIX Connector 

FIX 

GE 

Rader/Davis 

+2* 

2 

*7q 

Sub-Cooler Inlet Vapor Pressure 

15-70 psla 

Sub-Cooler Inlet Bayonet 

‘Probe - 1/4" AN Male 

DAHPR 

NASA 

Davis 

1% 

1 

P To 

Sub-Cooler Inlet Vapor Pressure 

15-70 psla 

Sub-Cooler Inlet Bayonet 

PTX Connector 

PTX 

GE 

ftader/Davls 

+2% 

2 

p i 

Fuel Pump Inlet Static Pressure 

15-70 psla 

Pusip Inlet Bayonet 

Probo - 1/4 ” AN Male 

DAMPS 

NASA 

Davis 

+0.1% 

1 

Pn 

Fuel Pump Inlet Vapor Pressure 

15-70 pslo 

Pijap Inlet Bayonet 

‘Probe - 1/4" AN Male 

DAMPR 

NASA 

Davis 

+0,1% 

1 

p 2 

Fuel Pump Disch. Static Pressure 

15-1100 psis 

PUfip Disch, Line 

Volt ago from Elec, Control 

PTX 

GE 

Owens/Rader 


1,4 

*2 

Fuel Pump Divert. Temperature 

-230 - +100°?. 

Puwp Disch. Lin* 

RTD Connector 

RTD 1501* 

GE 

Rader 

+3% 

1.2,3 

P 3 

HX-A Fuel Inlet Static Pressure 

15-1100 pfl 1 a 

HX-A Fuel Inlet IJne 

•all Tnp - 1/4*’ AN Male 

DAMPR 

NASA 

Rader 

+0.1* 

1 


KX-A Fuel Disch. Static Pressure 

15-1100 psla 

"A" Flow Mixer Gas Inlet 

WalL Tap - 1/4" AN Male 

DA«Pfi 

NASA 

Rader 

+0.1% 

1 

p 4 

HX-A Fuel Disch. Static Pressure 

15-1100 psla 

"A" Flow Mi xe r Gas Inlet 

PTX Cdnnector 

PTX 

GE 

Rader 


2 

*5 

HX-0 Fuel I nle* Static Pressure 

15-1100 psia 

HX-B Fuel Inlet Line 

Wall Tap - i/4" AN Male 

DAMPR 

NASA 

Rader 

*0.1% 

1 

P« 

HM-B Fuel Disch, Static Pressure 

15-1 ICO psla 

"B" - Flow Hirer Gas Inlet 

Wall Tap - 1/4 " AN Male 

O-VtfPil 

NA5A 

Rader 

-0,1% 

1 

p « 

HX-B Fuel Disch, Static Pressure 

15-1100 psla 

"B" - Flow Mixor Gos Inlet 

PTX Connector 

PTX 

GE 

Rader 

+ 2% 

2,3 

Pj 

PRV Fuel Inlet Static Pressure 

15-1100 psla 

PRV Fuel Inlet Body 

i/4" AN Male 

DAKTFl 

NASA 

Kast 

+0,1% 

1 

P& 

VCV Fuel Inlet Stelic Pressure 

15-750 pels 

VCV Fuel Inlet Body 

Voltage from Elec. Control 

PTX 

GE 

O+ena i 

+ 1% 

1,3,4 

P9 

SOY Fuel Inlet Static Pressure 

5-125 psla 

SOV Fuel Ihlot Adapter 

Wall T ftp - 1/4" AN Mule 

DAMPR 

NASA 

Rader 

+0.1% 

1 

PlO 

SOV Engine Fuel Disch. Static Prase, 

5*125 psla 

SOV Engine Fuel Dlach, Adapter 

Wall Tap - 1/4" AN Male 

DAMPR 

NASA 

Rader ! 

+0.1* 

1 

PlO ' 

SOV Engine Fuel Disch. Static Press. 

5-125 psla 

SOV Engine Fuel Disch. Adapter 

ITX Connector 

PTX 

GE 

Rader 

+2% 

2,3 


Fuel Pump Dlpch, Flow Rate 

. 02fl- *063 ppfl 

Fuel Pump Disch. Line 

Voltage Frititi Elec. Control 

NTX 

GE 

0*er*9 


1,2.3 

*8 

VCV Furl Mow Rat# 

,02fl- ,605 ppa 

VCV Throat 

YoMan? froro Bloc. Control 

Tgi ** 

GB 

Owens 

+r% 

1,3,4 

T4 

HX-A Fuel Disch. Temperature 

225-6lO°R 

"A" Flow Mixer Gas Inlet 

T/C Connector 

T/C - 7 

GE 

Rader 

+1* 

1,3,3 

T a 

HX*B Fuel Jhlet Ter^persttir* 

225-04O°R 

HX-B Tuel t n 1 a t Una 

T/C Cnnhcclor 

T/C - 7 

GE 

Rader 

♦1% 

1,2,3 

Tfl 

HX-B Fuel Disch, Temperature 

325-10 lf) Q R 

"0" Flow Mixer Gas Inlet 

T/C Connector 

T/C * CA 

. GB 

Rader 

+1% 

1.2, a 

Tt 

PRV Fuel Inlet Temperature 

aas-i6iD°R 

PRV Fuel Inlet Body 

T/C CunnocLor 

T/C - CA 

GE 

Rader 


1*2 

T e 

vcV Fuel Inlet Temperature 

225-lfllO°R 

VCV ruel Inlet Body 

Voltage from Elec. Control 

RTD 

GE 

Owens 

on 

1,3,3 

TiO 

BOV Engine Fuel ftisehi Temparalur* 

330-1010°* 

BOV Engine Fuel Dlach, Adapter 

T/C Connector 

T/C - CA 

GB 

Rader 

+1% 

1*2 

S3 

HX-A Fuel Bypass ValVe Posit loo 

0-100% 

HX-A ruel Bypass Valve Stroke 

Kona 

XTX 

GB 

Rader 

+ 3* 

M 

*6 ; 

WB fuel Bypaii Valve PuiiUtm 

0*100% 

HX*S Fuel Bypass Yale* llf&ke 

PfOM 

X7X 

GB 

Rader . 

m 

M 
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Table XIV. NASA Instrument Plan, CH^ Fuel, Steady State and Transient (Concluded) 


1 - ADK - NAjiA 

2 - S.S, Outlay - NASA 

3 - Trans. Recorder - NASA 

4 - S.S. - 01 


Symbol 

— 

System Parameter 

Range k 
Units 

Acquisition Location 

Sensor Interface Description 

Sensor 

Type 

Sensor 

Source 

GE 

Designer 

Est. 

Accuracy 

Di-pUy 

Code 

Pll 

Air Supply Static Pressure 

0-165 psia 

Inlet Line to Airflow Corn, Valve 

kail Tap - 1/4" AN Vale 

DAMPR 

NASA 

Rader 

% 

1 

Pi 2 

Burner Inlet Static Pressure 

0-165 psis 

Inlet Mre to Air Heater Burnt r 

Vail Top - 1/4" AN Male 

dampr 

NASA 

Rader 

+0.1% 

1 

P 13 

KX-B Air Supply Static Pressure 

0-130 pale 

Inlet Air Line to HX-B 

Wall Tap - 1/4" AN Male 

DAMPR 

NASA 

Rader 


1 

Pl3 

K.VB Air Supply Static Pressure 

0-150 psla 

Inlet Air Line to HX-B 

PTX Connector 

PTX 

GE 

Rader 

+ 2* 

2,3 

p 14 

HX-B Air Exhaust Static Pressure 

0-135 psia 

Exhaust Air Lino from HX-B 

wall Tap - 1/4" AN Hale 

DAMPR 

NASA ' 

Rader 

^0. 1% 

1 

^13-14 

HX-B Core Air Differential Pressure 

0-5 psld 

HX-B Shell 't Tops 

PTX Connector 

PTX 

GE 

Bade t 

+2% 

1,2 

T 13 

KX-B Air Supply Temperature 

EOO-l^OO^F 

Inlet Air Line to KX-B 

T/C Connector 

T/C - CA 

GE 

Rader 

M% 

1,2,3 

T 14 

HX-B Air Exhaust Temperature 

ioo-aoo°F 

Exhaust Air Lino for® HX-B 

T/C Connector 

T/C - CA 

GE 

Rader 

H% 

1,2,3 

*14 

HX-G >ir flow Rate 

.319-2.92 pps 

Air Flow Control Computer 

Voltage from Air Control 

None 

GE 

Rader 

V7% 

1,3,4 

x 14 

Air Flow Control Valve Position 

0-100% 

Air Flow Control Computer 

None 

XTX 

GE 

Rader 

+ 1% 

1,4 


Hyd. itrap Inlet Pressure 

0-100 ps La 

Hyd. Pump Inlet HousLng 

1/4" AN Hale 

DAMPR 

NASA 

St. Clair 

+0. L% 

1 

PlS 

Hyd. tump Inlet Pressure 

0-100 psla 

Hyd. Pump Inlet Housing 

PTX Connector 

PTX 

GE 

Rader 

* 2% 

2 

Pi 6 

!tyd, Kjmp Dlach. Pressure 

0-4000 psia 

Hyd. Pump Disch. Housing 

1/4" an Hale 

DAMPR 

NASA 

St. Clair 

+0,1% 

t 

Pi 6 

Hyd. I'usp Disch, Pressure 

0-4000 pel a 

Hyd. Pump Diech. Housing 

PTX Connector 

PTX 

GE 

Rader 

+2% 

2 

pit 

Hyd. Ilcservoir Pressure 

0-100 psla 

Hyd. Reservoir Housing 

1/4" AH Male 

DAMPR 

NASA 

Rader 

♦0.1% 

) 

tis 

Hyd. Pump Inlet Temperature 

D-125°F 

Inlet line to Hyd. Pump 

None 

T/C 

NASA 

— 


1,2 

T ia 

Hyd , JUiap Disch, Temperature 

0-1 60°F 

Disch. Line from Hyd. Pump 

None 

T/C 

NASA 

— 

— 

1,2 

T 17 

Hyd. Return Temperature 

0-175°F 

Hyd. HX Oil Inlet Une 

T/C Connector 

T/C - CC 

GE 

Rader 

+ 1% 

1.2 

(i 

VCV Torquemotor Current 1 

0 + 100 Da 

Electronic Control 

None 

Meter 

GE 

Owens 

*5% 

4 

12 

Fuel l\aip Torqueootor Current 

0-100 DA 

Electronic Control 

None 

Meter 

GE | 

Owens 

l 3 * 

4 

ij 

PRV Tnrquemotor Current 

0 +_ 100 o» 

Electronic Control 

None 

Meter 

GE 

Owens 

♦ 5% 

4 

Ji 2 

Fuel l\isip Speed 

0-110% 

Electronic Control 

None 

NTX 

GE 

Owens 

<2* 

4 


Engine Exhaust Gas Temperature 

650-1250°? 

Engine T5 Harness 

Engine T*, Connector 

T/C - CA 

NASA 

Owens 


1,3,4 

»* 

Engine Ho: or Speed 

0-110% 

Engine Driven Tachometer 

KIoc., ConnecLor on Tach, 

vrx 

NASA 

Owens 

. 2% 

1,3,4 

X 8 

VCV I\>stion 

0-100% 

Electronic Control 

Voltage from Elec. Control 

XTX 

oe' 

Owens 

♦1% 

1.2 


Engicui Exhaust Nozzle Area 

0-100% 

i\g Actuator Stroke 

None 

XTX 

NASA 

— 

- - - 

1,2,3 

PIA 

fVjwer lever Angle 

0-90° 

Electronic Control 

Voltage from Elec, Control 

XTX 

GE 

Owns 

+ 1°* 

1,2,3 

P L6 

HX-A <>il Inlet Pressure 

0-100 pH l g 

HX-A Oil Inlet Line 

PFX Connector 

PTX 

GE 

Rader 

♦ 2% 

1,2 

P 19 

HX-A '>ii Disch. Pressure 

0-100 jj&tg 

HX-A Oil Disch. Line 

PTX Connector 

PTX 

GE 

Rader 

♦2% 

1,2 

*18 

KX-A <>il Inlet Temperature 

50-600°F 

HX-A oil Inlet Line 

T/C Connector 

T/C - CC 

GE 

Rader 

n% 

1,2 

T 19 

HX-A <>il Disch. Temperature 

-50 to 600°F 

HX-A Oil Disch, Line 

T/C Connector 

T/C - CC 

GE 

Poder 

♦ 1 % 

1.2 

*18 

RX-A Otil Plow Bate 

0,7-10 gpa 

HX-A Oil Inlet Line 

TFM Connector 

TFU 

GE 

Rader 

♦2% 

1,3 



Table XV. NASA Instrument Plan 


H 2 Fuel 


Steady State and Transient 


Difipldy Code: *Vopor Bulb 

1. ADR - NASA 

2, S.S. Display * NASA 

3 » Transient Recorder - NASA 
4. S.S. - GE 


Symbol 

Svstcm Parameter 

Range it 
Units 

Acquisition Location 

Sensor Interface Description 

Sensor 

Type 

Sensor 

Source 

GE 

Designer 

Eat. 

Accuracy 

Display 

Code 

Po 

Sub-Cooler Inlet Static Pressure 

15-70 psia 

Sub-Cooler Inlet Bayonet 

Probe - 1/4'* AN Male 

DAitPft 

NASA 

Davis 

*0.1% 

1 

Po 

Sub-Cooler Inlet Static Pressure 

15-70 psia 

Sub-Cooler Inlet Bayonet 

PTX Connector 

PTX 

GE 

Rader/Davla 

+2% 

2 

P To 

Sub-Cooler Inlet Vapor Pressure 

15-70 psia 

Sub-Cooler Inlet Bayonet 

•Probe - 1/4" AM Kale 

DAMPR 

NASA 

Davis 

*>.l% 

1 

Pro 

Sub-Cooler Inlet Vapor Pressure 

15-70 psia 

Sub-Cooler Inlet Bayonet 

PTX Connector 

PTX 

G£ „ 

Rader/Davla 

♦2% 

2 

p l 

Fuel Pump Inlet Static Pressure 

15-70 psia 

Pump Inlet Bayonet 

Probe - 1/4*’ AN Halo 

DAMPR 

NASA 

Davis 

-0.1% 

l 

Pri 

Fuel Pump Inlet Vapor Pressure 

15-70 psia 

Purap Inlet Bayonet 

•Probe - 1/4*' AN Male 

DAHPR 

NASA 

Davis 

+0.1% 

1 

p* 

Fuel Pump Disch. Stator Pressure 

15—500 psia 

Punp Di^ch. Lina 

Voltage from Elec. Control 

PTX 

GE 

Owens/Rader 

+ 1* 

1,4 

*2 

Fuel Pump Disch. Temperature 

-420 - +100°F 

Pump Disch, Line 

RTD Connector 

RTD -150 MA 

GE 

Rader 

+3% 

1,2,3 

p 5 

HX-B Fuel Inlet Static Pressure 

15-500 psia 

HX-B Fuel Inlet line 

Wall Tap - 1/4 " AN Male 

DAMPR 

NASA 

Rader 

*3.1% 


P 0 

KX-B Fuel Disch. Static Pressure 

15-500 psia 

V - Flow Mixer Gas Inlet 

Wall Tap - 1/4” AN Male 

DAMPR 

NASA 

Rader 

*3.1% 

2,3 

P 6 

MX-B Fuel Disch. Static Press ure 

15-500 paia 

’“B" - Flow Mixer Gas Inlet 

PTX Connector 

PTX 

GE 

Rader 

+2% 

2,3 

*7 

PRV Fuel Inlet Static Pressure 

15-500 psia 

PRV Fuel Inlet Body 

1/6" AM Mala 

DAMPR 

NASA 

Kast 

+0.1% 

1 

p « 

VCV Fuel Inlet Static Pressure 

15-300 psia 

VCV Fuel Inlet Body 

Voltage from Elec. Control 

PTX 

GE 

Otens 

u* 

1,3,4 

Pe 

SOV Fuel Inlet Static Pressure 

S-125 psia 

SOV Fuel Inlet Adopter 

Wall Tap - 1/4 " AN Male 

D AMP ft 

NASA 

Rader 

♦0.1% 

l 

p io 

SOV Engine Fuel Disch. Static Pressure 

5-125 psia 

SOV Engine Fuel Disch. Adapter 

wall Tap - 1/4” AN Male 

DAMPR 

NASA 

Rader 

+0.1% 

1 

P 10 

SOV Engine Fuel Disch. Static Pres aura 

5-125 psia 

SOV Ermine Fuel Disch, Adapter 

PTX Connector 

PTX 

GE 

Rader 

♦ 2% 

2,3 

"2 

Fuel Pump Disch. Flo* Elate 

.012-0.30 pps 

Fuel Pump Disch. Line 

Voltage from Eloc . Control 

JiTX 

GE 

Ovens 

+3% 

1,2,3 

*8 

V5V Fuel Flo* Rote 

1 .012-0.30 pps 

VCV Throat 

Voltage fro® Eloc. Control 

Tfi, X 

GE 

0*ens 

^7% 

1,3,4 

T« 

HX-B Fuel Disch. Temperature 

-300 - -*10D°f 

"B" Flow Mixer Gas Inlet 

T^C Connector 

T/C - CA 

GE 

Rader 

+ 1% 

1)7,3 

T? 

PP.V Fuel Inlet Temperature 

-300 - U00°F 

PRV Fuel Inlet Body 

T/C Connector 

T/C - CA 

GE 

Rader 

+ 1% 

1,2 

T B 

VCV Fuel Inlet Temperature 

-390 - +100°F 

VCV Fuel Inlet Body 

Voltage from Elec. Control 

RTD 

GE 

Owens 

+3% 

1,2,3 

T 10 

SOV Engine Fuel Dlach. Temperature 

! -390 - +100°F 

SOV Engine Fuel Disch. Adapter 

RTD Connector 

RTD 

GE 

Rader 

+ 3% 

1,2 

*5 

HX-B Fuel Bypass Valve Position 

0-100% 

HX-B Fuel Bypass Valve Stroke 

None 

XTX 

GE 

Rader 

+3% 

1,4 

Pll 

Air Supply Static Pressure 

| 0-165 psia 

Inlet Line to Airflow Cent. Valve 

wail Tap - 1/4" AN Male 

DAMPR 

NASA 

Rader 

+0.1% 

1 

P12 

Burner Inlet Static Pressure 

| 0-163 psia 

Inlet line to Air Kir. Burner 

wall Tap - 1/4" AN Male 

DAMPR i 

NASA 

Rader 

+0.1% 

l 

Pi 3 

KX-Q Air Supply Static Pressure 

j 0-150 paia 

Inlet Air [J no to HX-B 

Wall Tap - 1/4" AN Kale 

DAMPR 

NASA 

Rader 

+0.1% 

1 

Pi 3 

HX-B Air Supply Static Pressure 

! 0-150 psia 

Inlet Air Lino to HX-B 

PTX Connector 

PTX 

GE 

Rader 

+2% 

2,3 

Pl4 

HX-B Air Exhauat static Pressure 

0-135 psia 

Exhaust Air Line froo KX-B 

wnil Top - 1/4” AN Kale 1 

DAMPR 

NASA 

Rader 

+0.1% 

i 

*13 

HX-B Air Supply Temperature 

200 o -1000°F 

Inlet Air Lino to HX-0 

T/C Connector 

T/C - CA 

GE 

Rader 

+ i% 

1,2,3 

t h 

HX-B Air Exhaust Temperature 

0°-600°F 

Exhaust Air Line from HX-B 

T/C Connector 

T/C - CA 

G£ 

Rader 

+ 1% 

1)3,3 


HX/B Air Floe Elate 

0. 144-1.3 pps 

Air floe Control Coeputer 

Volt ago from Air Control 

None 

GE 

Hader 

+7* 

1,3,4 

*14 

Air Floe Control Valve Position 

0-100% 

Air Flow Central Computer 

Boom 

XTX 

GE 

Rader 

♦i% 
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Table XV. NASA Instrument Plan, H 2 Fuel, Steady State and Transient (Concluded) 


Display Coda 

1. ADR - NAHA 

2. S.S, Display - NASA 

3. Trans* Reorder - NASA 

4. S.S, - c.-: 


Symbol 

S.s tem Parameter 

Range S» 
Units 

Acquisition Location 

Senior Interface Description 

Suns or 
Type 

Sensor"! 
Source < 

GE 

'~nr. — r 

Aucurncv_ * 

Display 

Code* 

• ■ ■■■ ■ i 

Pi 5 

Jlyd. Pump Inlet Pressure 

0-100 psia 

Hyd. Pump Inlet housing 

1/4" A>‘ Mule 

DA.VPR 

NASA 

St, Clair 

^o.;% 

1 

P IS 

Hyd. Pump Inlet Pressure 

0-10G psia 

Hyd. Pump Inlet Housing 

PTX Conr.ec tor 

PTX 

Gc 

Rader 

+ 2 r . 

2 


Hyd. Pump Diach. Pressure 

0-4000 psia 

Hyd. Pump Disch. Housing 

1/4" AN SUlo 

Da MPA 

NASA 

St. Clair 

^0.1% 

l 

p l6 

Hyd, Pump Disch, Pressure 

0-4000 psia 

fiyd. Pump Disch. Housing 

PTK Connector 

PTX 

GE 

Rader 

+2% 

2 

P 17 

Hyd. Reservoir Pressure 

0-100 psia 

Hyd. Reservoir Housing 

1/4" AX yale 

OAMPR 

NASA 

Rader 

-0 . 1% 

1 

*15 

Hyd. Rump Inlet Temperature 

0-l2$°F 

Inlet Line to Hyd, Puaip 

None 

T/C 

nasa 

— 

— 

1.2 

ns 

Hyd. Tump Dif-ch, Temperature 

O- 160°F 

Disch* line from Hyd, Pump 

None 

T/C 

NASA 

- - - 

— 

1,2 

Ti? 

Hyd. Return Temperature 

0-175^ 

Hyd. HX Oil loiei Line 

T/C Connector 

T/C - CA 

GE 

Rader 

V % 

1,2 

is 

VCV Tcrquemolor Current 

0 v 100 DB 

Electronic Control 

Non a 

lie ter 

GK 

Ovens 

*5* 

4 

! 2 

Fuel Tor^ueBotor Current 

0-100 DB 

Electronic Control 

None 

V*tnr 

GE 

Owens 

*5% 

4 

>7 

prtv Tt.rtiuamotor Current 

0 ^ 100 OIO 

Electronic Control 

None 

Meter 

CE 

Owens 


4 

*2 

fuel Pump Speed 

0-110* 

Electronic Control 

None 

NTX 

GE 

(Xens 

-3* 

4 

T5« 

Engine Exhaust Caa Temperature 

650- 1250°F 

Engine Tj Harness 

Engine T 5 Connector 

T/C - CA 

NASA 

Over. 9 

+JQ a ? 

1.3,4 

** 

Engine Rotor Speed 

0-110* 

Engine Drives - Tachometer 

Elec. Connector on Tech, 

NTS 

NASA 

Osrena 

^0.2% 

1, 3,-1 


VCV Poa i t Ion 

0-100* 

Electronic Control 

Voltage from Elec. Control 

XTX 

GE 

0»ens 

>1% 

1,2 

As 

Engine Exhaust Noaale Area 

0-100% 

Ag Actuator Stroke 

None 

XTX 

NASA 


— 

1,2,3 

PLA 

Power Lever Angle 

DEFINITION OF AflUREVlAT IONS: 

DAMPft - NASA pressure conversion ayatei 

PTX - Electrical pressure transducer 

HE'D Resistance Temperature Detecto 

MX “ Electrical position transducer 

T/C - Thermocouple 

NTX * Electrical npead sensor 

HX - Host exchanger 

PHV * Pressure regulating valve 

VCV " • Vapor control valve 

60 V - Shutoff h vent valve 

0-90® 

t for automatic 

Electronic Control 
lata recording of pr«B«urai 

Voltage froa Elec, Control 

XIX 

GE 

Ovens 

no 

'1,2,3 



Check-Out Tests 


In June 1972, the test procedure check-outs were initiated using the 
methane system configuration. The procedural phases for Air Heater Hot Check- 
Out and No Fuel Check-Out of control functions were performed. Minor problems 
with instrumentation and control settings were discovered and corrected. Air 
heater operation and control functions were established as suitable to proceed 
with testing of the system on LNG fuel. 

LNG Flow and Thermal Calibrations 


A trial flow and thermal calibration run using liquid natural gas fuel was 
initiated on June 19, 1972. While attempting to fill the system subcooler and 
chilldown, an overfill of the subcooler occurred which resulted in LNG spill from 
the vent stack, aborting the run. Investigation revealed that the sub cooler 
bath level control valve was either stuck open or had a broken connection 
causing overfill of the bath. The subcooler was removed from the system since 
adequate storage trailer pressurization wls available to prime the fuel pump 
intake directly. 

A second LNG calibration run was attempted on July 5, 1972. This run was 
aborted by a problem with overspeed of the fuel pump motor when the pump start 
mode was selected. A malfunctioning module in the pump speed limit circuit of 
the Engine Electrical Control was isolated and repaired, correcting the problem. 

A third flow and thermal calibration of the system equipment using LNG 
was performed on July 10, 1972, and the test procedure was completed with a full 
set of data obtained. 

Performance of the system was acceptable in these respects: 

• Adequate fuel pump priming was obtained without the sub cooler. 

• The fuel pump operated successfully over a flow range of 5% to 100% 
of system rated flow at discharge pressures ranging from 430 to 
800 psia (2.9 x 10 6 to 5.51 x 10 6 N/M 2 ). 

• The metering valve operated without difficulty, and the control 
computed flow as intended, judging by comparison with Cosmodyne 
pump calibration data. 


• The air- to- fuel heat exchanger met or exceeded required heat 
transfer rates at all specified conditions, and no evidence of icing 
was indicated during a one half hour run at the rated take-off fuel- 
flow point. 

Significant problems encountered during the run were: 

• System pressure levels at the pump discharge and the metering 
valve entrance sagged below the intended steady-state levels, 
particularly it small values of system fuel flow. 
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• The oil-to-fuel heat exchanger froze and reduced oil flow to 

zero whenever fuel flows in excess of 20% of rated were passed 
through . 

The problem with pressure levels falling out of regulation was believed 
to be due to a slight shift in the fuel pump delivery characteristic coupled 
with the existence of excessively tight pump speed limits set at 110% of 
requested system flow. Because of the tight limits, the pump could not adjust 
speed sufficiently to provide the real flow necessary to reach rated pressures 
at the smaller values of pump speed and flow. Figure 44 illustrates the 
comparison of the Cosmodyne LN2 calibration used to define the pump character- 
istic and the LNG flow as determined by metering valve computation corrected 
for pressure errors. A reduction in delivery of about 5% at 100% rated pump 
speed was apparent. This problem was correctable by expanding the pump speed 
limit settings. 

The problem encountered with freezing in the oil-to-fuel heat exchanger 
was apparently a tendency to overperform at large values of fuel flow which 
was inherent in the design. No correction for this condition appeared feasible 
other than to utilize the fuel bypass valving around the exchanger to limit 
through flow to partial values. 

In Table XVI the successive heat exchanger performance readings measured 
during a 30-minute icing run at the take-off condition are shown. Heat exchanger 
air-side entrance temperature, T 13 , did not record properly in digital data for 

this run. The T^ air outlet temperature remained at a steady value throughout 
the run, 

A fourth flow and thermal calibration run of the system using liquid natural 
gas was performed on August 2, 1972. A successful run was obtained yielding a 
complete set of data. System pressure levels regulated properly at all steady- 
state operating points from 10% to 100% rated system fuel flow; the fuel pump 
control circuit speed limits had been widened prior to the run. 

Operation of the heat exchanger fuel bypass servos in the automatic mode 
was attempted during this run. The air-to-me thane heat exchanger was success- 
fully bypassed, with the automatic servo regulating air exhaust temperature 
stable. Regulated temperatures were varied at the system idle fuel flow point 
such that fuel metering valve entrance temperatures were varied from a value of 
+245° F (392° K) at zero bypass to a value of -65° F (219° K) at the highest 
bypass setting. 

Automatic fuel bypass operation of the oil- to-me thane heat exchanger was 
attempted by setting up the oil outlet temperature regulator reference at +50° F 
(283 K) with the system at idle fuel flow and with oil outlet temperature opera- 
ting at 4*70° F (294° K) . Oil supply conditions were then reset to the take- 
conditions and system fuel flow was advanced to the take-off condition (100% flow). 
Freeze-up of the oil flow path occurred, reducing oil flow to zero, before 100% 
fuel flow was reached. The bypass servo was never able to act to prevent the 
freeze-up because oil flow stopped before the sensed oil outlet temperature fell 
below the +50° F (283° K) regulating reference. Further automatic operation was 
abandoned, and manual bypass of the heat exchanger fuel path was used for the 
remainder of the run. 
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System Fuel Flow Rate, 


/\ Cosmodyne LN 2 Calibration @ 900 psia (6,2 x 10^ N/m^) and 
30 psia (2.07 x 10^ N/m^) Sat. Inlet to Subcooler 

O GE System LNG Calibration, 7/10/72, @ IS pisg (1.24 x 10^ N/m^) 
and -250 0 F (111 0 K) Inlet without Subcooler 


0.665 pps (0.302 kg/sec) 

12.0 gpm (7.57 x 10 “ 4 m^/sec) @ Pump 



770 psia (5.31 x 10' 


'707 psia (4.8 


'676 psia (4.66 x 10 


Pump Speed, N f % 

r 


Figure 44. Fuel Pump Performance Comparison Between Cosmodyne Liquid Nitrogen 
Calibration and GE System Liquid Natural Gas Calibration Data. 
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Table XVI. Heat Exchanger B Icing Run CH^ System Configuration Take-Off Flow Conditions. 






Fuel 

Side 





Air Side 



Time 

Min. 

T 5 

Fuel 

In 
0 F 

T 5 

Fuel 

In 

C K) 

t 6 

Fuel 

Out 
0 F 

t 6 

Fuel 

Out 

C K) 

w 2 

Fuel 

Flow 

pps 

w 2 

Fuel 

Flow 

(Kg/sec) 

*2 

Fuel 
Press , 
psia 

P2 

Fuel 
Press . 
(N/M 2 ) 

W A 

Air 

Flow 

pps 

w A 

Air 

Flow 

(Kg/sec) 

t 14 
Air 
Out 
° F 

Tl4 
Air 
Out 
(° K) 

0 

-240.2 

(122.0) 

399.5 

(478) 

0.683 

(0.310) 

985.1 

(6,79 x 

10 6 ) 

2.81 

(1.275) 

186.9 

(359) 

10 

-242.7 

(121.0) 

416.0 

(486) 

0.671 

(0.305) 

1012.4 

(6,99 x 

10 6 ) 

2.81 

(1.275) 

185.0 

(358) 

20 

-243.5 

(120.4) 

413.6 

(485) 

0.678 

(0.308) 

1009 . 1 

(6.96 x 

10 6 ) 

2.80 

(1.270) 

186.5 

(359) 

30 

-241.8 

(121.3) 

413.1 

(485) 

0.680 

(0.309) 

1045.8 

(7.21 x 

10 6 ) 

2.80 

(1.270) 

186.7 

(359) 




Additional thermal performance data on Heat Exchanger B were obtained as 
tabulated in Table XVII. Thermal performance in terms of heat rates, tempera- 
ture changes, and air-side pressure drops correlated quite well with predicted 
values. Heat Exchanger A was bypassed for these data points. No evidence of 
icing in Heat Exchanger B was noted. 

LNG Engine Run 

An operational demonstration run of the J85 engine using the liquid 
natural gas fuel system was successfully completed on August 16, 1972, The 
oil heat exchange system was not operated during this run because the’oil 

heater package had experienced a severe overheating during a previous attempt 
to run. 


The engine was successfully started and accelerated to idle several times 
during the run. A fuel flow level of 8% at engine motoring speed of 10% was 
found to provide reliable light-off and acceleration. At the initially planned 
motoring speeds of 15% and higher, the engine would not light. Figure 45 
(sheets 1, 2, and 3) illustrates the typical engine start transient obtained. 

A complete set of steady-state operating points for the engine was recorded, 
and exhaust emission gas samples were obtained at these points. Stable governing 
and fuel system pressure regulation were obtained as planned. At 100% speed, 
the engine required only 80%-90% of rated fuel flow, and engine exhaust gas 
temperature was approximately 200° F (111 6 K) lower than the expected value. 
Apparently the rigging of the two-position engine exhaust area control was not 
set far enough closed to bring the engine up to rated temperature at 100% speed. 

he air heater system and air-to-fuel heat exchanger continued to operate normally 
during the run. 

Several throttle-bursts of the engine from idle power to 100% speed were 
successfully made. The engine was quite responsive and no transient problems 
with fuel system regulation were encountered. Acceleration fuel schedule 
adjustments and exhaust area control slew rate adjustments were made to attempt 
to minimize the engine acceleration time. Figure 46 (sheets 1, 2, and 3) 
illustrates the last throttle burst made. The engine reached an initial speed 
peak at 96% speed in 3.5 seconds, followed by a slight speed rollback and 
recovery to 100% speed. The speed rollback and long recovery time reflect an 
excessive amount of anticipation in the governor circuit and a conservatively 
low governor gain. Further experimentation to tune the governor dynamics for 
optimized anticipation should improve the characteristic recovery from rollback; 
however, the system ran out of fuel at this point and the run was terminated. 

Several engine decelerations were also made by chopping the power lever 
setting to idle from the 100% speed setting. These decelerations were free of 
any problems and consumed approximately 15-20 seconds due to the conservative 
deceleration schedule used in the control.’ 
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Table XVH(a) . Heat Exchanger B Performance - LNG Fuel. 


Parameter 

Gnd, Idle 

Takeoff 

Climb 

Accel. 

Cruise 

Decel, 

Descent 

Air Side ( Fre /""Actual) 
Airflow - pps 

1.59 / 

' \ . 35 

2.65 / 

/ 2,71 

1.06 / 

/ 1.28 

2,92/ 

/ 2.87 

1.46 / 

/ 1.28 

0.795/ 

/ 0.93 

0.928 / 

A. 10 

Temp in - 0 F 

290 . 

/ 309 

680 / 

/ 691 

630/ 

/ 649 

1080 / 
''1071 

1180/ 

/ 1143 

830 / 

/ 793 

425 / 

/ 415 

Temp out - 0 F 

146 / 

/ 146 

150 / 

/ 176 

125 / 

/ 184 

548/ 

/ 513 

760 / 

' 463 

780 / 

/ 558 

404 / 

/ 352 

Press in - psia 

60 / 

/ 58.4 

150 / 

/ 153 

60 / 

/ 65 

130 / 

/ 120.4 

65 / 

/ 68.3 

35 / 

/ 36.5 

45 / 

/ 46.4 

Press out - psia 

51.6 / 

/ ] 55.2 

138.8/ 

/147.5 

56.4/ 

/60.0 

105 / 

/ 110.8 

50.8/ 

/ 64 . 2 

30.9 / 

/ 34.5 

40.3/ 

/ 43.5 

Heat Rate - Btu/sec 

44 / 

/ 53 

360 . 

/ 344 

/ 146.5 

/410 

150 / 

/ 223.5 

8 / 

/ 55.3 

/ 16.9 


Fuel Side( Pre / / Actual 


Fuel Flow - pps 

0.133/ 

/ u . 133 

0.665/ 

' 0.661 

0.266/ 

A. 265 

0.465/ 

' 0 . 467 

0.200/ 

' i 0.199 

0.033/ 

/ 0.046 

0.033/ 

/ 0.033 

Temp in - ° F 

-175 

/ -149 

- 215 / 

/-242 

-193 / 

' -235 

-188/ 

/ -240 

-116 / 

/ -219 

+330 / 

/ +32 

+170 / 

/ +44 

Temp out - ° F 

260 / 

/ 250 

430/ 

/409 

415 / 

/ 308 

548 / 

/ 902 

1050/ 

■916 

820 / 

/ 741 

420 / 

/ 405 

Pressure - psia 

900/ 

/ 920 

900/ 

/ 935 

900 / 

/ 941 

900 / 

/ 935 

900 / 

/ 935 

900 / 

/ 432 

900 / 

/ 870 
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Table XVII (b; 

k Heat Exchanger B 

Performance - LNG Fuel* 


Parameter 

Gnd. Idle 

Takeoff 

Climb 

Accel 

Cruise 

Decel 

Descent 

Air- Side ( Pre< /^Actual) 








Airflow - Kg/sec 

0 . 722/ 

/0 ,613 

1.20/ 

/ 1, 23 

0 ,481/ 1.320/ 0.662/ 0.360/ 

/ 1 0 .581 /1.300 /0.581 /0.421 

0.420/ 

7 0.499 

Temp. i.. - ° K 

416 / 

/ 427 

633 / 

/ 639 

606 / 

7 616 

856 / 

7 851 

912 / 

/ 892 

in / 

/ 696 

491 / 

7 486 

Temp out - 0 K 

337/ 

/ 337 

339 / 

7 353 

325 / 

7 358 

561/ 

/ 541 

678 / 

/ 513 

689 / 

/ 566 

480 / 

/ 451 

Press, in - N/M 2 x 10 -3 

4,1V 

4.02 

10,34/ 4.14/ 

/10.54 7 4,48 

8.97/ 

/ 8,30 

4.48/ 

/ 4.71 

2.41/ 

7 2.52 

3.10/ 

/ 3,20 

Press, out - N/M 2 x 10~ 3 

3.56 / 

4. 81 

9.56 / 
/10.2 

3,89/ 

7 4,14 

7.24/ 

7 7.65 

3.50/ 

7 4. 43 

2.13/ 

7 2.38 

2.82/ 

/ 3,00 

Heat Rate - w x 10 3 

46. y 
45.9 

380 / 

7 353 

/ 155 

/433 

158.3/ 

/236 

8.44/ 

7 58.4 

/ 17.8 

Fuel-Side ^ re /''Actual) 








Fuel Flow - kg/sec 

0.060V 

4 .0603 

0.30/ 

7 0.300 

0.12 V 

4.120 

0.21V 

4.212 

0.090/ 0,015/ 

■'6.090 3 7 0.0209 

0.0150/ 
i /O. 0150 

Temp . in - ° K 

158/ 
A. 73 

136 / 

7 121 

148 / 

7 125 

151 / 

7 122 

191 / 

7 134 

439 / 

7 273 

350 / 

7 280 

Temp . out - ° K 

400/ 

/ 394 

494 / 

7 483 

486 / 

/ 427 

561 / 

/ 757 

840 / 

7 765 

712 / 

/ 668 

489 / 

7 481 

Pressure - N/M^ x 10 

6.2/ 

/o,34 

6.21/ 

/ 6 . 44 

6,21/ 

7 6.48 

6.21/ 

/ 6.44 

6.21/ 

7 6.44 

6.21/ 

/ 2.98 

6.21/ 

/ 6.00 




Figure 45, Engine Start Transient for Methane Fuel System Using Liquid 
Natural Gas, Demonstration Run. 
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Figure 45* Ergine Start Transient for Methane Fuel System Using Liquid 
Natural Gas, Demonstration Hun (Continued)* 
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Figure 45. Engine Start Transient for Methane Fuel System Using Liquid 
Natural Gas, Demonstration Run (Concluded), 
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Figure 46, 


Engine Throttle Burst Transient for Methane Fuel System Using 
Liquid Natural Gas, Demonstration Hun. 
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Figure 46. Engine Throttle Burst Transient for Methane Fuel System Using 
Liquid Natural Gas, Demonstration Run (Continued). 
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Figure 46. Engine Throttle Burst Transient for Methane Fuel System Using 
Liquid Natural Gas, Demonstration Hun (Concluded)* 
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It was determined during the run that the resistance temperature detector 
used to sense metering valve fuel entrance temperature was developing a short- 
to-ground failure. Near the end of the run this failure was generating excess- 
ive error in the metered fuel flow computation. Since the sensor could not be 
physically removed, it was decoupled and replaced with a fixed resistance 
simulating the average metering valve fuel temperature encountered in accelera- 
tions from idle to 100 % speed. Throttle-bursts made near the end of the run 
were performed with this simulated temperature output. 

Metering valve flow rate computations obtained with the failing temperature 
detector have been corrected for steady-state points based on the temperature 
(T 7 ) measured at the entrance to the pressure regulating valve immediately 
upstream of the metering valve. These corrected fuel flow rates are compared 
to the Cosmodyne calibration of the system fuel pump in Figure 47. Flow 
measured by venturi at the fuel pump discharge is also compared. 

Exhaust gas emission samples were taken during the engine run and analysis 
was performed after completion of the test. A gas chromatograph was used to 
analyze collected samples for CO, C02 , and unburned CH 4 . A modified Saltzman 
analysis was performed to analyze for N 0 X . The results of these analyses are 
plotted in Figures 48 through 52 as a function of both engine speed 
and combustor inlet temperature. 

LH 2 Flow and Thermal Calibrations 


As a result of the generally successful operation of the system and J85 
engine using LNG fuel, verbal permission was obtained from NASA to convert the 
equipment and engine to hydrogen configuration. The engine was returned to 
GE Lynn for disassembly and installation of H 2 fuel injectors. 

A disassembly of the Cosmodyne fuel pump and drive motor assembly was 
made in order to convert the pump stroke to hydrogen requirements . The heat 
exchanger and valving of the fuel conditioning package were converted to the 
hydrogen configuration. An LH 2 storage trailer loaned by NASA was installed to 
replace the CH 4 supply trailer. 

Two attempts to initiate LH 2 flow calibration in October 1972 were made, 
but both were aborted by overboard fuel leaks at the fuel pump inlet bayonet 
connector. The pump diameter mating the radial seal on the bayonet tip was 
found to be over print by 0.021 inch. The leak was stopped by building up 
the seal groove diameter at the radial seal to effect more positive squeeze. 

A system flow and thermal calibration test using LH 2 was performed on 
November 8 , 1972. The overboard leakage previously encountered was not exper- 
ienced. 

System operation during the calibration test was normal except that fuel 
pump LRo delivery was lower than expected, requiring that the pump be operated 
at higher than normal speeds to achieve desired metering valve flow rates. 
Maximum system fuel flow of only 70% could be obtained with the pump speed 
operating at 120% of rated. Thermal data were taken at the lower fuel flow 
points. The air-to-fuel heat exchanger performed satisfactorily, and a 30 
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Fuel Flow Rate 


A Cosmodyne LN 2 Calibration 900 psia (6.2 x 10 6 N/m 2 ) Pump 

Discharge and 30 psia (2.07 x 10 5 N/m 2 ) Sat. Inlet to Subcooler 

- Q GE LNG Engine Run 8/16/72, 900 psia (6.2 x 10 6 N/m 2 ) 

Pump Discharge, No Subcooler, NPSP as Shown 

- 0 GE LNG Engine Run 8/16/72, Venturi Flow 


12,0 gpm (7.56 x 10” m^/sec) @ Pump 


2.8 psid I 

(1.93 x 10 4 N/m 2 


17 psid (11.7 x 10 4 N/m 2 ) 


4.5 psid (3.1 x 10 4 N/m2) 
15.7 psid (10.8 x 10 4 N/m 2 ) 


1430 rpm 
(149.5 rad/sec) 


14.7 psid (10.1 x 10 N/m ) 


Pump Speed, N p# % 


Figure 47, Methane Fuel Pump Performance, Corrected Fuel Flow Rates Compared to Cosmodyne 
Calibration Data. 
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minute non-icing run was successfully completed at the Altitude Idle fuel 
flow point . Thermal performance data are plotted in Figure 53, Table XVIII 
lists heat exchanger parameters recorded during the 30 minute icing run. 

To investigate possible causes of low fuel pump delivery, the system was 
instrumented with an orifice plate to measure piston seal vent cavity flow to 
the exhaust stack « Another calibration run was performed on November 14, 1972. 
The fuel pump delivery was again low as a function of pump speed, and sub- 
stantial piston seal cavity leakage to the exhaust stack was indicated by the 
or ifice measurement. Figure 54 illustrates the pump flows measured in 
comparison to the Cosmodyne calibration originally performed using liquid 
nitrogen. It appeared that piston seal leakage accounted for nearly all of 
the reduction in LH 2 delivery. 

The pump was then disassembled for piston seal investigation. The piston 
ring seals, cylinder liner crush washers, and rod seal cartidges were all 
intact. The following observations were made: 

• Rod seal cartridges were not tight, and the seal lip inner 
diameter was worn 0.007 in. (1.78 x 10~ 4 M) oversize on the 
primary Teflon seal scraper. Also, traces of hydraulic oil 
were found at the piston ring seals. The oil could have drained 
to this region during vertical handling. 

• Piston ring seals were not apparently worn and exhibited 
normal radial compression loading. 

• The cylinder liner crush washer seals were adequately 
deformed and loaded, but had been reused after the previous 
disassembly. 

No positive conclusion could be drawn as to what caused the apparent 
excessive piston leakage. Discussion with the piston ring seal vendor 
(Shamban, Inc.) led to a recommendation that the wave washer used underneath 
the Teflon piston seal rings be changed from 0,003 in. (0.762 x 10“* m) stock 
thickness to 0.005 in, (1.27 x 10 ^ in) stock to increase radial spring loading. 
The pump was rebuilt with all new seal elements, including the stronger wave 
washer under the piston ring seals. 

The pump was reinstalled in the system, and preparations were completed 
for a run of the system and J85 engine. 

LH 2 Engine Run 


A test run using LH 2 fuel was conducted on the system and J85 engine on 
December 8, 1972. 

The system and J85 engine operated as expected except that the fuel pump 
LH2 delivery was again low, repeating the values of fuel flow that had been 
previously observed as a function of pump speed. Sufficient LH 2 flow to 
maintain system regulating pressures up to 88% engine speed was available. 
System data and engine exhaust emission samples were taken at 50%, 75%, and 
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^ O Cosmodyne, LN 2 , Subcooler, 30 psia 
(2.07 x 10 5 N/m 2 ) Sat. 
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Figure 54. Hydrogen Fuel Pump Check-Out Data Compared to Original Liquid Nitrogen Calibration Data, 






85% engine speed points. Several part-speed throttle-burst accelerations 
from idle speed to 85% engine speed were made successfully. The shortest accelera- 
tion time obtained between idle and 85% speed points was 13 seconds without 
schedule optimization. Figure 55 illustrates the time traces of significant 
parameters recorded. 

Although the fuel pump piston seal vent cavity leakage again indicated 
substantial quantities on the order of 0.05 to 0.06 Ib/sec. (0.0227 to 0.0272 
Kg/sec.), the measurement was suspected to be erroneously high in view of the 
continued low pump delivery flow. Pump delivery measured both by the metered 
flow and a pump discharge venturi are compared in Figure 56. Further bench and 
disassembly investigation of the fuel pump was initiated. 

A gaseous nitrogen pressure check of the fuel pump ball discharge valve 
assembly indicated that 200 psid (1.38 x 10 N/M 2 ) back pressure was required 

to close the No. 2 piston check valve at room temperature. The ball check valve 
assembly, which had not previously been removed, was disassembled. The No. 2 
piston valve ball was found to be severely worn and out of round. Substantial 
quantities of wear particle deposition were seen on the mating valve seat and 
guide bore. A second ball also showed a dull finish and the beginnings of wear. 

The ball guide bore diameters were checked and were slightly under print. 

Discussion of the observed ball wear with Cosmodyne revealed that two 
experimental balls made of 300 series stainless using a proprietary coating 
had been included in the assembly in place of the intended 440C balls. The 
two 300 series balls exhibited wear, while the three 440C balls showed no 
distress. It was concluded that the severely worn No. 2 ball had stuck in the 
open position at LH 2 temperatures, causing the effective pump delivery flow to 
be reduced 40% below the normal value delivered by five pistons. Cosmodyne 
provided a new discharge ball valve assembly containing five 440C balls with 
guide bore clearance increased slightly over the original design. 

The limited exhaust gas emissions samples taken during the December engine 
run yielded N0 X concentrations as plotted in Figure 57. The Envirometrics 
analyzer used did not recalibrate normally at the end of the run. Subsequently, 
a back-to-back reference run was made with a chemiluminescence analyzer and the 
Envirometrics analyzer sampling exhaust gases from a hydrogen-air torch igniter. 

The torch calibration yielded N0 X concentrations for the Envirometrics analyzer 
which were approximately 30% lower than the values shown by the chemiluminescence 
analyzer. 

An LH 2 test run of the system and J85 engine was attempted on February 8, 

1973. The fuel pump contained a new discharge ball valve assembly. 

Several occurrences of failure to obtain pump rotation after chilldown 
were experienced. Chilldown was finally achieved by continuous engine motoring 
and pump rotation. Starting fuel flows were set with subnormal system metering 
pressure, since the fuel pump delivery and speed were limited by available 
engine motoring speed and hydraulic flow. The pump conditions obtained yielded 
7% rated fuel delivery at 20% rated pump speed and 125 psia (0.862 x 10 -6 N/M 2 ) 
metering pressure. Th^s delivery point aligns with pump flow vs speed calibra- 
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tions obtained on previous LH 2 runs. When engine light-off was attempted, the 
system vent valve was found to be frozen in the open position, preventing diver- 
sion of fuel flow to the engine. 

The run was aborted due to the frozen vent valve. Later investigation 
after warm-up revealed the presence of water in the valve body and discharge 
line. Steam condensate from the system vent stack had backed up into the 
valve during the lengthy down period preceding the run, A procedural precaution 
to leave the vent valve discharge disconnected until just before system purge 
was instituted. 

Another LH 2 test run of the system and J85 engine was attempted on 
March 15, 1973. Action was taken to prevent accumulation of steam condensate 
into the system fuel vent valve which had frozen during the February test run, 
preventing engine ignition. 

Chilldown of the system on LH 2 was begun with the fuel pump motor rotating 
and supplied from the system auxiliary hydraulic supply. As priming temperature 
was reached at the fuel pump inlet, discharge pressure buildup was initiated. 

The pump stopped rotation at this point, and could not be restarted with 3000 
psig (2.07 x 107 N/M^) hydraulic supply. Again the engine run was aborted 
without obtaining data. 

Subsequent experimentation by hand cranking the pump motor showed the motor 
initially frozen tight, but it was eventually worked free with abnormally 
high cranking torque. Rotation under hydraulic pressure was then restored, 
but the pump displayed unusual internal noises. 

Disassembly of the fuel pump and motor was performed to investigate the 
sources of abnormal noise. Several failed parts were found in the hydraulic 
motor section: 

1) Two return spacers which form one side of a spherical joint 
connecting the piston rod to the nutating plate connecting 
link were fractured. The spacers were located on No. 2 and 
No. 5 piston locations. 

2) No. 5 spherical joint which connects the nutating plate to the 
rod connecting link was scored and pounded, exhibiting excess 
clearance. 

3) The anti-rotation pin which retains the nutating plate was 
sheared. 

4) Numerous nicks and scratches on other motor parts caused by 
debris were noted. 

Since the failed return spacers normally carry no load and were located on 
the same two pistons for which damaged discharge ball valves had been discovered 
during a teardown in December 1972, it is believed that the failures were 
related to the earlier ball valve problems. Under conditions where sticking of 
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the discharge ball valves occurs, an abnormal compressive load can be applied 
to the return spacers because of the presence of LH 2 piston pressure remaining 
after piston hydraulic pressure is removed by the timing valve. These compress- 
ive loads on the spacers are believed to have initiated the spacer failures, 
permitting subsequent impact loading of the connecting links to the nutating 
plate and subsequent failure of the anti-rotation pin due to impacting tangential 
loads on the nutating plate. 

The pump assembly was returned to Cosmodyne for assessment of repair and 
improvement action required. 

Since the testing funds available to the program had been depleted by 
the various J85 engine test attempts, and since the LH 2 fuel pump required 
obviously significant repair and improvement effort, NASA directed that further 
test effort be terminated and the program closed out with the partially 
completed LH 2 engine test status existing as of April 1973. 
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DISCUSSION OF RESULTS 


The steady-state and transient data recorded during the J85 engine runs 
on both liquid natural gas and liquid hydrogen fuel demonstrate the basic 
workability of the fuel delivery system which was designed for the program. 
Although deficient fuel pump delivery limited the maximum engine speed attained 
with liquid hydrogen to 88% of rated, the stable part speed operation indicates 
that operation at 100% flows and engine speeds should pose no particular 
difficulty if pump delivery were increased. The system modeling results ob- 
tained from the analytical design phase of the program also confirm that the 
hydrogen configuration of the system behaves much like the methane configuration 
for both transient and steady- state operation to 100% engine speed. 

The gaseous flow metering and computation circuits performed generally as 
expected with both fuels, although difficulty with failures of the resistance 
temperature detectors used for density correction was encountered. Correlation 
flow measurements using a pump discharge venturi section were made, but dif- 
ficulty with inconsistency of the venturi differential pressure measurements 
plagued the flow and thermal calibration tests. Correlation data were taken 
during engine runs with both fuels, however. The venturi flow data (W 2 ) 
measured during the liquid natural gas engine run of August 16, 1972 (Figure 
47) roughly confins the Wg metered flow compute’ ion. The metered flow 
data also correlate well with the Cosmodyne pump calibration performed on 
liquid nitrogen. The venturi data indicate more scatter and unrepeatability 
than the Wg metered flow data. Venturi correlation measurements taken during 
the liquid hydrogen engine run of December 8, 1972 (Figure 56) match the 
Wg metered flow computation within +3% of rated flow for the limited data taken. 
Evidently the gaseous metering computation was performing within the pre- 
dicted flow measurement accuracy for this run. The Wg metered flow measure- 
ments on liquid hydrogen were also consistent from one test run to another 
as indicated by Figures 54 and 56. 

Performance of the air-to-fuel heat exchangers was generally satisfactory 
in that predicted heat transfer rates were met or exceeded at nearly all 
operating conditions, and no air-side icing occurred as judged by stability 
of the air exit temperatures during a 30 minute test period. The air-to- 
methane heat transfer data tabulated in Table XVII show quite close correlation 
with predicted parameter values at most operating conditions; the notable de- 
partures from predicted values are seen in the cruise and deceleration 
operating conditions where the air- side heat rates and temperature drops sub- 
stantially exceed predictions. These performance results were undoubtedly 
influenced by the nonoperational oil-to-fuel heat exchanger which would 
normally be heating the fuel upstream of Heat Exchanger B. Fuel entrance 
temperatures to Heat Exchanger B were significantly lower than predicted at 
the cruise and deceleration conditions as a result of Heat Exchanger A being 
bypassed. Aii>side pressure drops, which include flow distributor slots, 
were well within predicted values except at the climb point. Data for Heat 
Exchanger B in the hydrogen system is shown in Figure 53. With this exchanger, 
heat rates and fuel temperature changes exceed predictions at all points tested. 
Apparently the double-tube fuel-side arrangement used in the design was more 
conductive than expected. However, no evidence of air-side icing was noted. 
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The tendency of the oil-to-methane heat exchanger to freeze repeatedly at 
the higher values of fuel flow indicates that design assumptions made as to 
heat transfer properties of the fluids were significantly in error. The SF8150 
type oil used was chosen for its advantageously low pour point at -120° F (189° K) ; 
however, only room temperature viscosity data were available and the viscosity 
data were extrapolated for higher and lower temperatures in keeping with the 
known data for other silicone-base oils. The viscosity assumption may have re- 
sulted in significant errors in calculating oil-side film conduction coefficients. 
These results suggest that any future design of a cryogenic-to-oil heat ex- 
changer should be based on complete data for oil properties if freezing is to 
be avoided. Variations in the tube design arrangement such as the double- 
walled fuel tube used in the air-to-hydrogen heat exchanger might also be 
employed to maintain a non-freezing tube wall temperature. 

Fuel pump delivery performance, while quite satisfactory when used with 
the liquid natural gas system, was disappointing when operated with liquid 
hydrogen. The delivery deficiency is believed to be associated with leakage 
losses at the pump discharge rather than with intake or filling conditions. 

As shown in Figure 54, the low delivery was obtained with net positive 
suction pressures ranging from 20 to 35 psid (1.38 x 10 5 to 2.41 x 10 5 N/M 2 ). 
Variation of the suction pressures to levels ranging from 20 to 40 psid 
(1.38 x 10 ^ to 2.76 x 10^ N/M 2 ) while operating at a steady-state flow condition 
did not effect any significant change of delivery. Also, the delivery character- 
istic for liquid hydrogen indicates a slightly increasing slope as a function 
of increasing pump speed while decreasing slope would be expected with increasing 
piston velocity if intake filling were limiting the delivery. Both piston seal 
ring leakage and discharge check valve hang-up or leakage are believed to con- 
tribute to the delivery losses, although separate attempts to improve these areas 
with parts replacement were unsuccessful. Redesign of the piston ring seal 
configuration and improvement of the discharge ball valve seating are believed 
to be required to improve the liquid hydrogen delivery performance. 

Exhaust emissions data obtained when running the J85 engine on the two 
fuels are of limited value to compare the fuels because of the low engine 
power level at which hydrogen data were obtained and the questionable accuracy 
of the Envirome tries analyzer measurement of NO x concentrations taken with 
hydrogen fuel. If the hydrogen N0 X measurement at 85% engine speed (Figure 57) 
is corrected upward by 30% based on the hydrogen torch calibration of the 
Envirometrics analyzer made after the run, the resulting concentration of N0 X 
compares quite closely to the N0 X concentration of 26 parts per million 
(Figure 49) obtained with liquid natural gas at 85% engine speed. The 
hydrogen emissions are, of course, free of the CO, CO 2 , and unburned CH 4 con- 
stituents obtained with the liquid natural gas fuel. 
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CONCLUSIONS 


Use of liquid hydrogen or liquid natural gas as fuel for airbreathing pro- 
pulsion engines offers the potential of using the fuel heat sink both for an 
engine air coolant, with implied cycle performance benefits, and as an aircraft 
system coolant. The use of this available heat sink requires gasification of 
the liquid fuel flow. Questions were raised as to whether a suitable non- 
freezing thermal design of heat exchangers could be accomplished and whether a 
stable, responsive pumping and fuel control system incorporating the gasifier 
could be accomplished. The analysis, design, and test demonstration of such 
a system performed in this program supports the following conclusions: 

1. A control system arrangement consisting of liquid fuel pumping, 
gasification of pump discharge flow at supercritical pressure, 
and gaseous metering which excludes the gasifier from the engine 
flow control loop can be made acceptably stable and responsive for 
operation of a turbojet engine esing either liquid natural gas or 
liquid hydrogen fuel. 

2. Air-to-fuel heat exchangers for either liquid natural gas or 
liquid hydrogen fuel which fully gasify the engine fuel flow 
without air— side freezing can be accomplished. A curved tube 
core shape is feasible and compatible for mounting within an 
engine structural shell. 

3. Oil-to-fuel heat exchanger design using a single walled tube 
arrangement was not successful in avoiding oil freeze-up at all 
system fuel flow levels; further design development would be 
required to accomplish a nonfreezing oil heat exchanger for 
either liquid natural gas or liquid hydrogen fuel. 

4. Variable speed displacement pumping of both liquid natural gas 
and liquid hydrogen to supercritical pressures is feasible, and 
pump delivery turndown ratios up to 20/1 can be provided. 

Further design development to assure adequate pump life and 
liquid hydrogen delivery performance are required. 

5. No comprehensive conclusions regarding comparative exhaust gas 
emissions of liquid natural gas and liquid hydrogen fuels in 

a J85 engine can be made because of the limited power levels 
at which data were taken, and because of the questionable 
accuracy of the nitrous oxide concentrations measured with 
the Envirome tries analyzer during the liquid hydrogen run. 
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APPENDIX A 


DEFINITION OF SYMBOLS FOR ENGINE MODEL 


Symbol 

Z 

Q„ 


' 3e 


W 


3e 


3e 

P 2a 

AH 


2e 


2e 


3e 


W 
H 
H 
J 
T 

1 2e 
Cp 

W 


3.0e 


W 


4e 


‘ 4e 


4e 


W 


3*le 


W 


Fe 


Definition 

Compressor Stall Margin Parameter 

Compressor Torque 

Compressor Discharge Temperature 

Compressor Discharge Airflow 

Engine Rotor Speed 

Compressor Discharge Pressure 

Compressor Inlet Pressure 

Compressor Drive Power 

Compressor Inlet Airflow 

Compressor Inlet Air Enthalpy 

Compressor Discharge Air Enthalpy 

Energy Conversion Factor 

Compressor Inlet Air Temperature 

Specific Heat of Air at Constant Pressure 

Compressor Discharge Airflow after Leakage 

Turbine Inlet Airflow 

Turbine Inlet Temperature 

Turbine Inlet Pressure 

Combustor Inlet Air Flow 

Engine Fuel Flow 

Fuel Heating Value 

Combustion Efficiency 


Units 
none 
ft -lb 
°R 

lb/sec 

rpm 

psia 

psia 

Btu/ sec 

lb /sec 

Btu/lb 

Btu/lb 

ft-lb/BTU 

°R 

Btu/lb-°R 
lb /sec 
lb/sec 
°R 

psia 
lb /sec 
lb /sec 

Btu/lb 

none 
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APPENDIX A - DEFINITION OF SYMBOLS FOR ENGINE MODEL (Concluded) 


Symbol 

Definition 

Units 

N b 

Combustion Temperature Function 

Btu/lb 


Combustor Emperical Function 

none 

a 

e 

Combustor Emperical Function 

none 

0 2e 

Compressor Inlet Temperature Correction Factor 

none 

6 2e 

Compressor Inlet Pressure Correction Factor 

none 

Y 

Specific Heat Ratio - Air 

none 

**E3.1 

Combustor Inlet Mach Number 

none 

W be 

Compressor Discharge Bleed Airflow 

lb /sec 

T 5e 

Turbine Discharge Temperature 

°R 

q t 

Turbine Torque 

ft- lb 

p. 

5e 

Turbine Discharge Pressure 

psia 

AH 

Turbine Enthalpy Drop 

Btu/lb 

I 

Rotor Inertia 

slug- ft 

W 5e 

Turbine Discharge Airflow 

lb /sec 

A 8e 

Exhaust Nozzle Area 

. 2 
in 

vt 

00 

fl> 

Exhaust Nozzle Effective Flow Area 

in 2 

p 

oe 

Exhaust Ambient Pressure 

psia 

tj 

00 

Exhaust Nozzle Inlet Pressure 

psia 
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APPENDIX A 


DEFINITION OF SYMBOLS FOR CONTROL SYSTEM 


Symbol 

Definition 

Units 

P 

0 

Subcooler Inlet Static Pressure 

psia 

P TO 

Subcooler Inlet Vapor Pressure 

psia 

P fi ° r P 1 

Fuel Pump Inlet Static Pressure 

psia 

P T1 

Fuel Pump Inlet Vapor Pressure 

psia 

P or P or P„ 

P pump 2 

Fuel Pump Disch. Static Pressure 

psia 

X 2 

Fuel Pump Disch. Temperature 

°F 

P 3 

HZ -A Fuel Inlet Static Pressure 

psia 

P 4 

HX-A Fuel Disch. Static Pressure 

psia 

Pfi or P 5 

HX-B Fuel Inlet Static Pressure 

psia 

P HE or P fo or P 6 

HX-B Fuel Disch. Static Pressure 

psia 

P 7 

PRV Fuel Inlet Static Pressure 

psia 

P R’ P F ,P v’ P Mv ° r P 8 

VCV Fuel Inlet Static Pressure 

psia 

P 10 

SOV Engine Fuel Disch . Static Press. 

psia 

W or W 0 
P 2 

Fuel Pump Disch. Flow Rate 

pps 

«f «8 

VCV Fuel Flow Rate 

pps 

T 4 

HX-A Fuel Disch. Temperature 

°F 

T fi ° r T 5 

HX-B Fuel Inlet Temperature 

°F 

T fo ° r T 6 

HX-B Fuel Disch. Temperature 

°F 

T r or T ? 

PRV Fuel Inlet Temperature 

°F 

T v or T F 01 T 8 

VCV Fuel Inlet Temperature 

°F 

T 10 

SOV Engine Fuel Disch. Temperature 

°F 

X 3 

HX/A Fuel Bypass Valve Position 

% 

X 5 

HX/B Fuel Bypass Valve Position 

% 
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APPENDIX A - DEFINITION OF SYMBOLS FOR CONTROL SYSTEM (Continued) 


Symbol 

P 11 

P 12 

P 13 


14 

AP 13-14 
T ai ° r X 13 
T a ° r T 14 


X 


14 


15 


16 


17 


15 


16 


17 
N or N 


pump 


or N, 


'5.1 


*Mv 


or X 


8 


a or PLA 


Definition 

Air Supply Static Pressure 

Burner Inlet Static Pressure 

HX-B Air Supply Static Pressure 

HX-B Air Exhaust Static Pressure 

HX-B Core Air Differential Pressure 

HX-B Air Supply Temperature 

HX-B Air Exhaust Temperature 

Air Flow Control Valve Position 

Hyd. Pump Inlet Pressure 

Hyd. Pump Disch. Pressure 

Hyd. Reservoir Pressure 

Hyd. Pump Inlet Temperature 

Hyd. Pump Disch. Temperature 

Hyd. Return Temperature 

Fuel Pump Speed 

Engine Exhaust Gas Temperature 
Engine Rotor Speed 
VCV Position 

Engine Exhaust Nozzle Area 
Power Lever Angle 


P 

P 

T 

T 


18 

19 

18 


o 



HX-A Oil inlet Pressure 
HX-A Oil Disch. Pressure 
HX-A Oil Inlet Temperature 
HX-A Oil Disch. Temperature 


Units 

psia 

psia 

psia 

psia 

psid 

°F 

°F 

% 

psia 

psia 

psia 

°F 

°F 

°F 

rpm 

°F 

rpm 

in . 

% 

deg. 

psig. 

psig. 

°F 

°F 
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APPENDIX A ~ DEFINITION OF SYMBOLS FOR CONTROL SYSTEM (Concluded) 


Symbol 

Definition 

Units 

s: 

00 

HX-A Oil Flow Rate 

pps 

0 i 

Ideal Gas Flow Factor 

sec*-°R^^/f t 

0 

Real Gas Flow Factor 

sec-°R 1/2 /ft 

W ai , WA or W 14 

Heat Exchanger Air Flow Rate 

pps 

V wf 

Analog of Wg or 

volts 

V 

PP 

Analog of F„ or P 

2 p 

volts 

W R 

Pressure Regulator Fuel Flow 

pps 

A or A or A 0 
v mv x8 

VCV Metering Throat Area 

. 2 
in 

“s 

VCV Fuel Flow Rate of Change 

pps/sec 

C* or Cg 

Valve Flow Coefficient 

— 

R 

Gas Constant 

ft-lb 

lb-°R 

H 

c 

Enthalpy at Metering Throat 

Btu/lh 

J 

Energy Conversion Factor 

ft-lb/Btu 

V 

c 

Critical Throat Velocity 

ft/sec 

p c 

Critical Throat Density 

lbm/ft^ 

K 

u 

Unitary Conversion Constant 

none 
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